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Electron-density measurements in hohlraums using soft-x-ray deflectometry
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This paper presents design calculations for experiments that measure electron densities of laser heated
hohlraums with soft-x-ray moirdeflectometry. Hydrodynamical simulations of the hohlraums are analyzed to
obtain deflection angles of the probing beam and x-ray emission from the hohlraum. The deflection angles and
resulting moirefringe shifts and fringe contrast are predicted to be sufficient to infer electron-density gradients
from measurements. In addition, the self-emission is found to be much lower than that of the probing laser
beam, giving a good signal-to-noise ratio. In conclusion, mdiflectometry with soft-x-ray lasers has the
potential to give valuable information about the electron density in laser driven hohlraums.
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[. INTRODUCTION duce an x-ray source brighter than the self-emission from the
hohlraum. Measurements based on laser light absorption or
In the indirect drive laser fusion scherfig], laser beams scattering require a understanding of the nonlinear evolution
are focused onto the walls inside a higtiohlraum(see Fig. and coupling of various parametric instabilities. Because of
1). The laser light is absorbed and converted into x rays thathese difficulties, we consider a promising alternative.
fill the hohlraum and implode a target capsule in the center One tool for measuring the electron densities in laser pro-
via x-ray ablation. As the wall material is heated, it is ionizedduced plasmas is the use of well-established Ne-like x-ray
and expands into the hohlraum. This “blowoff” plasma can lasers[5]. Their high brightness and coherence enable a va-
adversely affect the laser beam, the drive symmetry, and thgety of probing schemes such as x-ray imaging, interferom-
capsule implosion in several ways. First, laser refraction angtry, and moireleflectometry6]. Although these techniques
deposition in the blowoff plasma affect the x-ray-emissionmeasure line integrated densities, they have the advantage of
pattern. As the ablated plasma protrudes into the hohlraurﬂemg a more direct measurement and do not require addi-

interior, the region of laser deposition migrates away froMiona| information such as the atomic state of the material
the hohlraum wall along the beam path. Refraction from deny,ger measurement.

sity gradients in the beam path can alter the propagation A moiré pattern is created when light passes through two
direction. These effects move the spatial location of Peaksuperimposed periodic structures. The “beating” of the pe-
x-ray production[2]. If the absorption length in the fill yiogic structures results in a coarse-grained mpigtern. A
plasma becomes comparable to the laser path length, theggmmonly used periodic structure is a Ronchi ruliéjcon-
effects can significantly modify the radiation pattern at thes;sting of opaque and transparent stripes of equal width and
capsule and impair symmetry control. Second, absorptiopjtch The moirepattern of two rotationally offset Ronchi
and scattering from plasma instabilities can both reduce thF‘uIings is shown in Fig. @). Lord Rayleigh[7] was the first
beam power and generate hot electrons that preheat the cag-realize that a moirpattern amplifies any small distortions
sule, making it difficult to achieve high compression. Third, i the periodic rulings and therefore can be used as a sensi-
as the plasma blowoff stagnates on the axis, jets of plasm@,e measurement tool.

can disrupt the capsule implosion. One scheme to reduce one very useful application of the moiedfect is deflec-
wall blowoff is to fill the hohlraum with a lovZ gas that  tometry, which measures angular deflections in a probe beam
impedes the wall motion. However, the gas is readily 'On'zedpassing through the grids separated by some distfsee

and forms a low-density plasma that can also degrade thpig_ 2b)]. The moifepattern is formed by the projection
hohlraum performance via refraction and plasma instabili-

ties. In either case, detailed knowledge of the plasma density
in the hohlraum is needed in order to understand and control Plasma
these deleterious effects on the driving laser beam. Blow Off
Current methods for measuring the plasma density in
hohlraums include x-ray spectroscof8], incoherent x-ray
imaging using backlighters, and absorption and scattering of
the driving laser lighf{4]. Measurements using x-ray spec-
troscopy require detailed knowledge of the atomic processes
occurring in the plasma in order to infer an electron density.
Also, spectroscopic methods, such as Stark broadening, can
only measure densities that are much higher than those ex-
pected in empty hohlraums. Imaging the hohlraum with an FIG. 1. Laser fusion hohlraum showing plasma blowoff from
incoherent x-ray source is difficult because it is hard to prowalls and x-ray probe beam.

Capsule ‘ Beams

1063-651X/98/5(5)/59526)/$15.00 57 5952 © 1998 The American Physical Society



57 ELECTRON-DENSITY MEASUREMENTS IN HOHLRAUMS . .. 5953

its brightness to that of the x-ray probe. Finally, data analysis
Y4 NIUORIEN methods are discussed.

LR RARY
a) U Il. MOIRE DEFLECTOMETRY
Vb
R A In this discussion we consider structures that are periodic
SRR LA in one dimension, i.e., Ronchi rulings. It is convenient to
P e consider the transmission functiof(x,y) of such a grid,
which can be represented in a Fourier series by

Xv

T(X,y)=> ancos(n?ﬂ{er 5x(x,y)})

rotated grids
b) g detector

(N
Probe beam + bn5|n(—{x+ 5X(X,Y)}) , @
moire p
fringes o .
where thep denotes the spacingitch) of the rulings and
oX(x,y) denotes a perturbation in the rulings whose origin
will be discussed below. Such a description can account for

arbitrary line shapes and is useful when considering such
things as fringe sharpening and fringe contf&$t However,

in this discussion it will suffice to consider a much simpler
grid such as a pure sinusoidai= 1) grid. For such a grid
rotated by an angl®/2 the transmission functiom; is sim-

ply

FIG. 2. (a) Moiré pattern formed by two rotationally offset Ron-
chi rulings. (b) Configuration for Moiredeflectometry showing the
probe beam passing through two rotationally offset rulings sepa-
rated by a distanc.

1+S|n

(shadowy of the first grid onto the second grid. Deflection of Ti(x,y)= —{X cog 6/2) =y sin(6/2)
the probe beam distorts the shadow cast onto the second grid.
Therefore, distortions in the moirgattern can be used to

measure angular deflections in the probe beam. Based on this + ox(x,y)cog 9/2)}) } 2
effect, moiremetrology has been used extensively in a vari-

ety of applications such as characterization of optical comt jkewise, the transmission functioh, of a second grid ro-
ponents, strain analysis, study of fluid flow, and fluid mix- tated by— 6/2 is given by

tures[6]. Recently, electron-density measurements of laser

heated exploding foils and plasma slabs have been made

with moire deflectometry{8]. As a result, an experimental Ta(xy)= 1+S'” _{X cog 0/2)+y sin( 0/2)}”

effort has recently begun to measure electron densities in 3)
laser driven hohlraum§9] using a 155-A Ne-like yttrium

x-ray laser. where we have assumed that the perturbation exists only on

There are several key issues that must be addressed fine first grid.
order to ensure the success of these experiments. First, since The resulting moireattern is given by the product of the
hohlraums by themselves are very bright sources of x radiaiwo transmission functions
tion [1], experiments must be designed to ensure that the
probing x-ray laser produces a larger signal on the detector
than does the background emission. Second, the diagnostic
must be sensitive enough to measure the predicted densities.
Third, the rapid temporal evolution of the plasma density o a
may smear out the diagnostic. Predictions of this effect and y sin(0/2) + ox(x,y)cod 0/2)})
calculations of the maximum x-ray laser pulse duration must 1 /n
be made. . L + —sin(—w{x cog 0/2) +y sin( 0/2)})
In this paper we assess the feasibility of using maliee 4 p
flectometry to measure the electron densities in laser driven
hohlraums. First we present a Fourier series analysis of +
moire patterns and calculate the fringe spacing and fringe
shifts as a function of deflection angle. Cylindrical geometry nr
effects and data analysis are discussed. Next we present re- + cos(—{Zy sin(0/2) + 6x(x,y)cog 0/2)}).
sults of two-dimensional hydrodynamical simulations of p
hohlraums. From these simulations we obtain predicted %)
electron-density profiles from which we calculate deflection
angles and resulting moiggatterns. In addition, we calculate  In the usual mode of operation, the high spatial frequen-
the background emission from the hohlraums and compareies of the Ronchi rulings are not resolved and the angle is

Tr(X,Y)=T1(X,y) Ta(X,y) = —sm(—{x cog 0/2)

cos( n%{zx cog 0/2) + 8x(x,y)cog 6/2)})

|~ |k
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chosen small enough such that a#gj~1, 2 sin@2)~ 6. r2
The last term on the right-hand side of Ed) has the lowest Ne=nNo| 1+, 9
spatial frequency and it represents the macroscopic moire Mo

pattern. Therefore, concentrating on this term, we see that the . - .
moire pattern consists of a transmission function of wherer is the cylindrical radius of the hohlraum ang and

ro are constants. For this density profile we find

Tu(x,y)= cos(z{Zy sin( 0/2) + ox(x,y)coq 0/2)} |. ~ dNg X  2NgX
p Vng x=—-=
(5) or r rS

(10

Although Eq.(5) was derived for a sinusoidal grid structure,  If the angular deflections are small we can approximate
it contains most of the important features of the mgie¢-  the ray paths with straight lines and the integration in 8.
tern made by square grids. In the absence of the perturbés trivial and we obtain§¢w(n0/nc)(st/r§), wherelLg is
tions, the moirepattern is just a set of equally spaced fringesthe length of the ray path. The resulting moiransmission

periodic in they direction with spacing\, function is found to be
= LN E . aw Ng Dl_S
A=osien) " o ©) TM(x,y)—COS( 5{y0+ ne 12 X] ) (11)

~ Before discussing the origin of the perturbation we men-The moire fringe pattern consists of a family of lines of
tion a special case in whichyzsin(6/2)<ox(x,y). In this  constant phasg g+ (ny/ng)(DLs/r)x=const. These lines
so-called infinite fringe mode, the moirginges occur at 5. parallel to each other and rotated by an angle

féx(x,y)zo,i p.%2p, . - -h'“ this mboo_'e the moirgattern  gin-1(n /n)DLy/6r2] relative to thex axis. Although this
orms a contour map of the perturbation. result is strictly valid for a parabolic density profile, the ro-

For grids separated by a distanDe angular deflections 5104 pattern is very common for cylindrical geometry, as we
o¢(x,y) of a collimated illuminating beam have the same,,.;i show below.

effect as a ruling perturbation given by
SX(X,y) =D Sd(x,y) 7) Ill. HOHLRAUM SIMULATIONS

) i Predicting both the amount of angular deflection to the
for 6¢(x,y)<1. We emphasize that only angular deflectionsyoping beam and the background emission requires detailed
perpendicular to the first grid contribute &(x,y). Angular  hohjraum simulations. Therefore, we performed two-
deﬂectlon.s parallel to the.flrst grid Ie_ave the prOJected_ Imag&jimensional f,z) hydrodynamical simulations using the
(shadow invariant. Inserting Eq(7) into Eq. (5), we find | \gNex code[10]. Details about hohlraum simulations with
that the perturbation shifts the fringes by an amouni ssnex can be found in Ref2]. The hohlraum and driving
(D/6)6¢. Diffraction puts a restriction on the allowed val- |5ser parameters are chosen to model typical experiments on
ues of the separation distan@. As collimated coherent the Nova laser facility at the Lawrence Livermore National
light passes through the first grid it is diffracted and an IN-|_aboratory. In particular, we model an empty gold hohlraum
terference pattern is formed. The interference pattern formg;ith radius 0.8 mm and length 3.2 mm, driven by a 03%
an exact rzeplica of the object grid at integer multiples of thezser that rises in 100 ps to a peak power of 5.6 TW and stays
distancep®/\, where\ is the wavelength of the probing fjat for 1.0 ns before falling off in 100 ps. The pulse shape
x-ray laser beam. This distance is known as the Talbot selfyq power was chosen to model the “foot” of a standard
imaging plane. By placing the second grid at a Talbot planeygya pulse. The laser entrance hél€EH) has a radius of
diffraction effects can be avoided. It is for this reason, agy g mm giving a lip overhang of 0.2 mm.
well as to avoid spatigl smearir]g, that we must use colli- \ye obtain from the simulation, among many other quan-
mated coherent laser light for moideflectometry. _ tities, the electron density and temperature. In Fig. 3 we plot

When probe rays are propagated though a plasma with gntours of the electron density for=0.6, 0.8, 1.0, and 1.2
density gradient they are deflected. Using the paraxial raps At 0.6 ns the plasma from wall blowoff has just begun to
approximation, we find that the angular deflections Perpenprotrude past the LEH. Since the soft-x-ray probe beam can-

dicular to the first grid are given by not penetrate the lip of the LEH it is fruitless to probe the
hohlraum at earlier times. The shape of the plasma blowoff is

Sp= EFO dsvne‘;( ®) indicative of the location of the driving laser beam spots. At

2) " ng 7 1.0 ns the blowoff from opposite sides of the hohlraum have

met and stagnation has begun. We note that the electron
wheren, is the electron density). is the critical density for temperature in the blowoff plasma remained around 2 keV
the probe beam, the integration is carried along the ray traduring this time interval.

jectory, and we have assumed<n; to approximate the Having the electron density and temperature we can cal-
index of refraction of the plasma. By using E¢S), (7), and  culate the amount of self-emission coming from the hohl-
(8) we can construct the resulting moipattern. raum. To do this we postprocess thresNEX data with a code

It is very instructive to consider a parabolic density profile[11] that solves the radiation transport equation for the spe-
of the form cific intensity. To simulate a measured signal we integrate
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FIG. 5. Probing beam deflection angles versus radiust for
=0.8 (dashed lingand 1.0 nqsolid line).
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Now we turn our attention to deflection angles, which are
FIG. 3. Electron-density contours at several times. The contougalculated using a ray tracing package LimSNEX which
levels aren,=10', 10%, 1%, and 162 cm™2. solves Eq(8). In Fig. 5 we plot the deflection angles versus
o ] ] radius fort=0.8 and 1.0 ns. The negative deflection angles
the sp_ecmc intensity over s_olld ar?gl&Q and_frequency. on axis for the 1.0-ns case are from the stagnation points that
bandwidthAhwv. The collimating optics determine the solid (efract the rays away from the axis.
angle and various x-ray filters/mirrors determine the fre- Having obtained a distribution of deflection angles, we
guency lendOW- We assume an experimental apparatus Wity then calculate the moirgattern in the transversey
AQ~10"" srandAhy~3 eV. In Fig. 4 we plot both the pane. It is at this point that we were able to design and
self-emission and the x-ray laser signal as a function of theygjyate this diagnostic. From E8) and(7) it is apparent
radius. Clearly the x-ray Ia'ser signal is significantly largerihat we can regulate the background spacing and fringe shift
than that of the self-emission. We note, however,_that th%y specifying the pitclp, rotation angled, and grid separa-
total (over all angles and frequencjesackground emission  tion D . For simplicity, we kept the same valuespand 6 as
greatly exceeds that of t_he X-ray Ias_er._lt is the. collimateqp, previous experiment8]. However, the grid separation
and narrow band propertigboth contributing to brightness 45 varied to obtain maximum sensitivity without producing
that makes the x-ray laser such a useful diagnostic tool. - mgijrg patterns that are too complicated to analyze. Using Eq.
In the calculation of self-emission we have only COﬂSId-(5) we plot moirepatterns fop=10 xm, 6=2.5°, and grid
ered continuum radiation from bremsstrahlung and boundéeparatiorD=3.85 cm(sixth Talbot plangfor t=0.6, 0.8,

free transitions. However, it is possible that there exists IinegLo' and 1.2 ns in Fig. 6. The fringe spacig=250 zm.
emission from atomic transitions that fglls wit_hin_ the_ band'However, the hohlraum is imaged onto the majrags with
width of the detector. To ensure that line emission is not &, gmpiification factor of 4.5. Therefore, the fringe spacing
problem we examined line positions and oscillator strengths

for gold at the densities and temperatures predicted from the
hydrodynamic simulations using an atomics structure code -1.0
[12]. We found no strong lines within the frequency width of

the detector. )
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FIG. 4. Transmission of the x-ray las@tashed ling and hohl-
raum self-emissioitsolid line). FIG. 6. Moirepatterns at several times.
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First, we consider the complications of the cylindrical ge-
ometry. Using Eqs(5), (7), and(8), we see that the moire
pattern is given by

T —cod L yo+ DL ne 12
m(X,y)=co Y 2n, x| |’ (12
where we have approximated the integral in E&). by as-
1.0 = ‘ ‘ suming the integrand is constant ahds the length of the
-1.0 0.0 1.0 -1.0 0.0 1.0 hohlraum. Since the fringe pattern is formed by lines of con-
X(mm) X(mm) stant phase, we can obtain a family of fringe curves by set-
FIG. 7. Time-averaged Moirpatterns for an x-ray laser pulses ting the total phase in Eq12) equal tons, wheren==*1,
of width 300 ps centered at 0.8 and 1.0 ns. +2,.... Therefore, the fringe pattern consists of curves
given by
imaged back onto the hohlrautobject plangis reduced to _np DL dng
56 um. The spatial scales on Fig. 6 are for the object plane. Y=~ 260n, ax (13

The dark ring is due to the LEH lip. From Fig. 6 we see that

at 0.6 ns there is slight fringe rotation from the plasma blow-Using Eq.(13) we can map outine/dx over the hohlraum.
off. At 1.0 ns the plasma has filled the hohlraum and resultd © find the complete gradient we also negtl/dy. This in

in a rotation of the fringe pattern. We note that at the latesPrinciple can be done by rotating the hohlraurf? and re-

time of 1.2 ns the stagnation has severely distorted the’ moirg®ating the experiment or by assuming radially symmetric
pattern. density profiles.

As shown in Fig. 3, there are rapid changes in the plasma Since the moirdringes cannot be connected to the outside
density during the .tim'e in which we wish to prob@6—1.2 of the hohlraum, we can make an absolute density measure-

. . . . ment only by assuming some density within the hohlraum.
ns. These dens_|ty c_hanges cause rap_ld changes in the moi ne possible solution is to take the image early in time be-
pattern shown in Fig. 6. If the probing x-ray laser beam

N : fore the blowoff plasma reaches the center of the hohlraum.
samples these changes the resulting mpatern will be-

d h f : h The density at the center is either zero for empty hohlraums
come smeared. To assess the amount of smearing we haye some known value for gas filled hohlraurfsssuming

temporally averaged the moipatterns. In Fig. 7 we plot the - complete ionization of the gasEven if we are unable to
temporally averaged moirpatterns for an expected x-ray optain absolute density measurements, relative density mea-
laser pulse of 300 ps centered at 0.8 and 1.0 ns. AlthougByrements will be valuable in understanding plasma blowoff
there is some smearing, the resulting patterns have sufficieghd stagnation.
contrast to extract information about the density gradient, as |n order to demonstrate the utility of moidkeflectometry
we will show in the next section. We note that for x-ray we show how a simple analysis of the smeared pattern of
pulse durations in excess of 500 ps the smearing is so grekig. 7 gives reasonable estimates of the electron density. To
that little information can be gained. This clearly demon-avoid the complications of the ca®(factor, we analyze the
strates the importance of using short-duration x-ray lasers fgpattern neay=0. In particular, we measure the fringe shifts
such measurements. aroundy=0.1 andx=0.5 mm. At this location we see about
1.8 fringe shifts over 20@.m. For the given values @ and
p the sensitivity of our deflectometer is 0.26 mrad per fringe
IV. DATA ANALYSIS METHODS shift. Therefore, the moirpattern at this point indicates 0.5

. . . mrad over 20Qum. Using Eq.(8), we estimate the angular
The actual moirgatterns obtained from hohlraum experi Zﬁi_eflections t0 bedp=1(n,/ng)(z/L), wherez is the length

ments can be very complicated, even in the absence of a . . i
o ! - : f the plasma andl is the gradient scale length. Usirdg)
muthal variations to the electron density. Inferring the elec-> i
y g =0.5 mradz=1.0 mm, and. =200 um, we find an electron

tron density from experimental images can be very difficult. . . )
y b g Y density of aboutn,=8.7x10?°. From the simulations we

As mentioned above, the moipattern is distorted by angu- . ; 0 X .
lar deflections perpendicular to the first grid and thereforé;'lrr:g :ir:ﬁeelectron density to be arounck&0*° at this point

only density gradients in one direction can be made, i.e.
dng/ax. Even if we assume only radial dependence to the
electron density, there will be azimuthal variations to the
moire pattern because of the relationshign,/dx Our calculations indicate that probing laser driven hohl-
=cos()dn./or. Another difficulty is that absolute density raums appears quite feasible. The background emission is
measurements cannot be made in the closed hohlraum geomuch lower than the collimated x-ray laser beam. We find
etry. In previous measurements using maieflectometry that the signal-to-noise ratio is greater than 100. A ruling
[8] the density was obtained by integrating the measuregitch (spacing of p=10 um, grid rotation angle ofd
density gradient along a path from some point of known=2.5°, and grid separation of 3.85 cm gives a fringe spacing
density such as vacuum. Since the density gradient along trend sensitivity to measure predicted angular deflections.
lip of the LEH cannot be determined, we can only obtain theWith the appropriate timing and shorteniigating of the
relative density within the hohlraum. In order to gain usefulx-ray laser pulse, temporal smearing of the maqiagterns is
electron density information we must consider the problemrmot a problem. Moiredeflectometry may be a valuable diag-
associated with both the cylindrical and closed geometry ofiostic tool for gaining information about the plasma density
the hohlraum. and stagnation.

V. CONCLUSIONS
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