Abel Inversion of Emission and Backlighting Images

The Abel inversion is used to calculate local plasma quantities The intensity emitted by the target is a line integral of the
(in three dimensions) from line-of-sight measurements. Twéocal emission and can therefore be Abel-inverted. In the case
examples relevant to laser-driven implosion experiments ad backlighting, it is the opacity, rather than the measured
the imaging of x-ray radiation where (a) the Abel inversion ofntensity, that can be Abel-inverted. In two-dimensional imag-
emission images Yyields the local emission, and (b) the Abélg of a backlittarget, eachimage pointyields the opacity along
inversion of backlit images yields the local density. As exthe corresponding line of sight, and the opacity image can thus
plained below, the imaging in the first case can be eithdye Abel-inverted to yield the local density. However, when
two-dimensional or one-dimensional, but in the second caselising a slit for one-dimensional imaging of a backlit target, the
must be two-dimensional. For x-ray emission, the Abel inveranique opacity of individual rays is lost. On the other hand,
sion procedure can be complicated by self-absorption withiwhen measuring target self-emission, either a one-dimen-
the emitting volume (in addition to attenuation by the sursional or a two-dimensional image can be Abel-inverted to
rounding shell). However, in the case of backlighting imagesjield the local emission. In fact, the two-dimensional Abel-
the problem is simpler because absorption occurs mostly in tireversion procedure described in the next section transforms
colder parts of the compressed target, where emission canthe image to a one-dimensional image as would be seen by a
negligibly small. In the case of imploding cryogenic targetsslit. In this case the advantage of starting with a two-dimen-
the situation is further simplified because (a) the compresseibnalimage is the ability to judge the symmetry and uniformity,
core consists of only hydrogenic ions, and (b) the absorbinghereas the advantage of using a spectrograph-slit combina-
layer is spatially separate from a central emitting hot spot. Won is the ability to record a polychromatic image over a wide
therefore choose cryogenic implosions to demonstrate trepectral range.
utility of the Abel-inversion procedure applied to both two-
dimensional and one-dimensional x-ray images. We use targ&bel Inversion
profiles calculated biILAC to simulate experimental images  In the past, the problem of Abel inversion was studied
by applying a simplified radiation transport model, then anamainly for a cylindrical geometry, where the data form a one-
lyze them through the Abel inversion and compare the resultémensional array perpendicular to the axis. For a spherical
to the original target parameters. geometry, where the data form a two-dimensional array, the
situation is different and merits some consideration. Fig-
Monochromatic images are required for the analysis prase 66.18 shows the geometry of the problem. In the case of a
sented here because of the wavelength dependence of tydindrical source with its axis along thaxis, the observation
employed parameters (opacity and continuum emission). Ads along thex direction and the measurements form a one-
ditionally, in the case of backlighting, monochromatic imageslimensional array along theaxis. The local parameter in
help discriminate the backlighting image against the targeerms of its line-of-sight integral is given‘by
self-emission-2 Two-dimensional monochromatic images
can be achieved with an x-ray microscope fitted with a diffract-
ing crystal between the optics and the image plane—a method &R) = —(],/n)
recently developed at LLE by F. J. Marshall. Spatial resolution
in the 8- to 12um range has been experimentally demon-
strated® One-dimensional polychromatic imaging can bewhereR,is the radius of the cylindes(R) is the local quantity,
obtained with a crystal spectrograph equipped with a resolvirendrF(y) is the measured integral of the same quantity along the
slit. We will assume that a spatial resolution oftif-FWHM  line of sight. In spherical geometry, two-dimensional imaging
can be achieved in either case. forms an array in thg-z plane. Normally, only the results for
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shape is typical of those to be used in high-performance
implosions: its total duration is 9 ns; it rises slowly, then more
rapidly, until reaching a plateau of 23 TW from 8 to 9 ns, then
drops to zero. The total pulse energy is 30 kJ. The target is a
1060-um-diam, 7.4um-thick CH shell containing a 90m-
thick, cryogenic DT layer. Figure 66.19 shows tHeAC
predictions for the temperature and density profiles at peak
| compression of this target (the electron and ion temperatures
/1 : are nearly the same). Note the central hot spot surrounded by
a cold and dense peripheral fuel region. By this time of the
compression, the polymer shell and part of the fuel have been
Direction of

. X ablated away.
observation / ¥
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Geometry of the Abel inversion for backlighting a spherical source. Either§
two-dimensional monochromatic imaging (microscope-crystal combination) g
or one-dimensional polychromatic imaging (crystal-slit combination) can be g, 1.05
used. To Abel-invert a two-dimensional image, the cylindrical solution can be§ 3
applied to the coin-shaped element shown in the figure. Instead, the image cal®
be integrated along theaxis and the solution for a spherical source viewed o
through a slit can be used.
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y =0 (orz=0) are used, to which the cylindrical solution is 0'0]O ! ! ! ! =1—J 19
applied® To use the cylindrical solution while taking advan- 10 20 30 40 50
tage of the entire two-dimensional data, we could average ovewsss Radial coordinatepm)

the azimuthal angle (around thexis), thereby converting the

data into a one-dimensional array, and then use the cylindrical

solution. Instead, we can integrate the data along, say, thesigure 66.19

dimension. The solution of the Abel problem for the resulting-ILAC-computed temperature and density profiles of the cryogenic test
one-dimensional array is the same as that for the case igilosion at peak compression.

imaging a sphere through a slit (in thdirection), namel§

Figure 66.20 shows a lineout through a two-dimensional
£(R) =(],/2rR)[dF(y)/dy] J=R ) image prqduced by backlighting a.nd self.—emission, at peak
compression of the test target. The image is calculated assum-
ing monochromatic detection of the2p-1s? line from a
The solution given by Eq. (2) is simpler than that given byitanium backlighter = 2.62 A), using a diffracting crystal
Eqg. (1) since it avoids the singularity at the lower bound oWwith a 4-eV bandpass. The curves are normalized to a spectral
the integral (except @& = 0). In the case of imaged target intensity of 7.0x 10?0 keV/(keV ns cm Q). This is the
emission, the numerical procedure described here is equivalergtimated intensity from a titanium backlighting target irradi-
to using a one-dimensional imaging device, namely, an x-ragted at 1.4x 10> W/cn? by a single OMEGA beam. The

spectrograph with a slit for spatial resolution. image in Fig. 66.20 can be divided into two sections: for
radial distances greater than ~2&, the image is almost
The Analyzed Test Case exclusively due to the backlighter; for radial distances less than

A particular test case of a cryogenic target is studied using25um, the image is almost exclusively due to self-emission.
LILAC profiles and a radiation transport model (described iWe treat Fig. 66.20 as a simulated experimental result and
an earlier publicatiof)to simulate the two-dimensional back- apply the same procedure as would be applied to an experimen-
lighting image (including self-emission). The chosen pulseally obtained image.
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O prrrr T T T T T the absorbing region, compared to the origitBAC density
§ A=262A E profile used to obtain the image. As expected, the poinis.for
- - . =0.2 keV agree with thielLAC curve in the region where the
§ i T temperature is actually around 0.2 keV, and likewise for the
2 10 = other temperatures. Higher assumed temperatures result in
% - 3 higher densities because of the temperature and density depen-
c B 1 dencies in Eq. (3).
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Figure 66.20 @ LILAC profile
Lineout through the two-dimensional image due to backlighting and self- =
emission at peak compression of an imploded CH shell with cryogenic fuel.
The image is calculated assuming monochromatic detection o§2pel$?
line of a titanium backlighter target € 2.62 A). The curves are normalized [
to a spectral intensity of 701020 keV/(keV ns crd Q). 0 10 20 30 40 50

7818 Radial coordinatepy(m)

Backlighting Image Analysis
The intensityl (r) of the outer part of the imageX 25um),  Figure 66.21
where self-emission is negligible, directly yields the opacityAbel-inverting the backlighting image of a cryogenic target (Fig. 66.20)
along the line of sightr(r). Note thatr stands for the radial Yields the density distribution within the cold part of the compressed fuel for
coordinate in the two-dimensional image, as OppOSdthB variou's.assumed temp'eratL'Jre.s ofthe cold sthI.The results qre compared with
. . . . . . the originalLILAC density distribution (from Fig. 66.19) used in the simula-
radial coordinate in the three-dimensional target. The opacity = . image.
is given by the relatiorr (r) =In[lo/I(r)], wherelgis the
incident intensity of the backlightdg can be found from the
intensity at larger radii where the backlighting radiation is Next, we convolve the image of Fig. 66.20 with the re-
essentially unattenuated, or from a separate laser shot whesonse function of the imaging device, which is assumed to be
only the backlighter is irradiated. In a deuterium-tritium mix-a Gaussian curve with FWHM of 18n. The Abel inversion
ture, the absorption of x rays is due to inverse bremsstrahlungas repeated, producing the results shown in Fig. 66.22. This
and the opacity is given By analysis underestimates the peak density because the instru-
mental broadening reduces the depth of absorption in the
backlighting image. Nevertheless, if the temperature is indeed
between ~50 to 200 eV, the density profile in the cold region
can be determined with an uncertainty of about a factor of 1.5.
where) is the wavelength in AT, is the temperature in keV, The effect of noise in the data will be discussed later.
pis the density in g/cfy and the integral is along the line of
sight in thex direction: x; = (F?O2 -22- yz)]/z, Xo = =Xq. By The density determination can be extended to radii smaller
choosing a value fof., the electron temperature in the cold, than 25um if the self-emission component is subtracted from
absorbing fuel, Eq. (3) yields a two-dimensional array of thehe image of Fig. 66.20. Since itis assumed that the backlighter
quantity 0. We then integrate the array along #hexis and ~ emission is spectrally narrow, a slight wavelength detuning on
Abel-invert the results using Eq. (2). Figure 66.21 shows ththe detector will create an image consisting of mostly the self-
density profiles obtained for three assumed temperatures emission atanearby wavelength, where the backlighter emission

r(r) = 2334 x1074(28/742) le P2(Ndx,  (3)

X2
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is significantly reduced. In the case of 2-D imaging with aSelf-Emission Image Analysis
microscope-crystal combinatidihis detuning can be achieved  Information on the temperature in the central hot-spot
with an auxiliary crystal slightly off the Bragg angle. region can be obtained from an Abel inversion of the emission
profiles. To that end, images at a wide range of wavelengths are
40 ————F———————————————— necessary. Such images can be readily obtained with a crystal
spectrometer equipped with a spatially resolving slit. As ex-
plained earlier, one-dimensional slitimages are suitable for the
Abel inversion of self-emission. However, two-dimensional
images are necessary in order to judge the symmetry and
uniformity, and the usefulness of the one-dimensional data.

100 |

Figure 66.23 shows the model-simulated lineouts of con-
tinuum radiation images at various photon energies. Theimages
contain the effect of radiation transport through the target
layers. The effect of the cold, annular fuel region is evident by
the severe attenuation of radiation below ~5 keV.
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Figure 66.22

Same as Fig. 66.21, when the image of Fig. 66.20 is first convolved with an;-E’
instrumental resolution curve of 1@n FWHM and then Abel inverted. The ::
thin curve, explained below, was obtained by Abel-inverting the image of 8
Fig. 66.20, from which the self-emission contribution was first subtracted %
(the casél = 0.2 keV was assumed). [

Using the radiation transport modethe target emission
image, at the backlighter wavelength (2.62 A), was calculated
and subtracted from the total image in Fig. 66.20, after each 0 5 10 15 20 2t
was convolved with a Gaussian instrumental profile ofid0- Te70 Radial coordinate (mm)

FWHM. Finally, the Abel procedure was applied to the net

backlighting image for the case Bf = 0.2 keV. The resultis  Figure 66.23

shown by the thin curve in Fig. 66.22. Similar curves wereSpatial profiles of the emission continuum calculated by the mlodiee

obtained for other temperatures. It should be noted that mo@gial coordinate is in the plane of the image (i.e., it is the distance of the

of the absorption occurs in the cold peripheral region, and it {&¢-0f-sight from one going through the center of the target). The curves

the temperature of that region that is relevant. This is true everéeﬁjresent the emgrggnt §pectr§; |.e.,.the.y include the attenuation by the cold
ell. The normalization intensily, as in Fig. 66.20, equals &A020keV/

for the rays that traverse the target center. The thin curve jRev ns cr? Q).

Fig. 66.22 does not extend all the way to the target center

because of large errors in the Abel procedure at small radii. For

an actual experiment, the procedure for extending the density We first study the information contained in space-inte-

curve would not be practical unless the relative emissiograted spectra. Figure 66.24 shows a comparison between the

intensity is lower than in the case shown in Fig. 66.20. This isme-integrated and space-integrated continuum spectrum cal-

because of the errors incurred in the subtraction of two compaulated byLILAC and the peak-compression spectrum

rable quantities (the total image and the self-emissionalculated by spatially integrating the curvesin Fig. 66.23. The

component). A lower relative intensity of the target emissiortomparison serves to show consistency between the two calcu-

can arise from ineffective target compression or higher backations. The difference at the softer end of the spectrum is due

lighting intensity. to emission before peak compression, from the outer target
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layers. Note that since the emission of the compressed coopacity. In simple terms, the opacity correction can be approxi-
lasts for about 1 ns, the two curves at high energies amately derived directly from the backlighting image, without
comparable. The comparison also shows that the peak tefnowing the density or the temperature.

perature of the hot spot can be determined by a time-integrating
spectrograph if a sufficiently high-energy part of the spectrum 1018

n T T T ]
is used to measure the slope. Since the temperaliys- 2 C Tc (keV) ]
duced in Fig. 66.24 are close to the peak temperature in the te i X 0.05 1
implosion (see Fig. 66.19), we conclude that the peak core2 i 001 7
temperature can be experimentally determined from a specg r =02
trograph that integrates the emission in both time and spaceg 1017 | .
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10160 '2 '4 I6 I8 1]0016 (% cold-fuel shell. The results assumed that cold-shell temperatures essentially
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Figure 66.24 In addition to determining the peak temperature, the spatial

Computed continuum spectrum calculatett AC (time integrated) and by temperature profile within the hot spot can be studied as well.
the model described here (at peak compression). Both are integrated over tfg perform this analysis, we begin by simulating another
volume of the target. The curves represent the emergent spectra; i.e., thgy e rimental observation. The spectrum at different locations
include the attenuation by the cold shell. The slopes yield the hot-spot . .
temperaturdy, within the hot spot can be calculated from the emergent
profiles, such as in Fig. 66.23. Such profiles must be integrated
to simulate one-dimensional slit images, then convolved with
The ability to measure the core temperature using the higlan instrumental resolution curve (again assumed to be a Gaus-
energy end of the spectrum, where shell attenuation is smadlian of 10um FWHM) and then corrected for the attenuation
has been recognized previouslydowever, since the back- by the cold shell. We then apply the Abel inversion according
lighting image provides a measure of the shell attenuation, we Eq. (2). Two points need to be addressed: (a) This procedure
can correct for it and extend the usefulness of the continuum te valid only if the opacity within the hot spot itself is negli-
lower photon energies, where the intensity is higher, thugible, and (b) the radial opacity must be replaced with an
yielding a better signal-to-noise ratio. Figure 66.25 shows thepacity calculated (from Eqg. 3) separately along each line of
results of such a procedure. For various choices of the shalight. Using the profiles in Fig. 66.19 we calculate the opacity
temperature, the corresponding density profile from Fig. 66.28f the hot region to be ~0.03 and thus negligible; this is
was used to calculate the opadigyalong the radial direction, expected because of both the low density and high temperature
and the lower curve of Fig. 66.25 was then multiplied byof this region.
exp(tg). As expected, the resulting curve is a single exponen-
tial with the same slope as that of the high-energy part of the Figure 66.26 shows the resulting spectra at several loca-
emergent spectrum. Itis not surprising that the various choicéi®ns within the hot spot. The unit of local emission (or
of cold-region temperatures result in the same curve: themissivity)&, is related to the unit of emergent intensgpf
points on this curve were obtained from the density profiles ofigs. 66.20 and 66.23, i.esy = 7.0 x 10?0 keV/(keV ns
Fig. 66.22 and the corresponding temperatures, all of whicbm?® Q). As expected, the curves each correspond to a well-
were derived from the same backlighting image, thus the sanaefined temperature. Finally, the inferred temperature profile
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is shown in Fig. 66.27, compared with théAC-calculated Effect of Noise in the Data

profile from Fig. 66.19. The general agreement between the The foregoing analysis has effectively assumed that the
two curves is expected and provides a check of consistencydata subjected to the Abelinversion is devoid of noise. Starting
the calculations. However, the deviation at the periphery of theith the image in Fig. 66.20, we will now study how noise in
hot spot shows the effect of finite spatial resolution. The slithe measured data affects the inverted results. After convolu-
transfers intensity to the lower-intensity parts of the imagetion with an instrumental broadening curve of@-FWHM,
since this intensity has a more-pronounced effect on the hartkndom noise #25%) is added to the signal and the Abel
est and weakest parts of the spectrum, the resultis a rise in {®cedure (assuming, = 0.2 keV) is repeated many times.
apparent temperature. Because the Abel inversion involves a derivative over space
[(see Eg. (2)], the data normally has to be smoothed. We apply
a 5-point smoothing procedure to the intensity profiles before
Abel inverting. This is a mild smoothing since the smoothing
range extends over only ~10% of the total range of the image.
Figure 66.28 shows several examples of the resulting mass-
density profile, compared to the profile with no noise. The error
in the mass density increases with the radial coordinate: it is
~15% atr = 25um and increases to >50% for 45um. This

h= 1.5 ke increase is related to the dependence of the opacitythe
image intensity. Sincert = In(lo/l), the relative error in the
opacity is related to the relative error in the measured intensity
according to(Ar/r)/(Al/l) = [In(lo/l)]o's. Thus, the error in

4 6 3 10 12 the opacity (and hence in the mass density) increases sharply
at large radii, where the opacity is small. However, the error in
the mass density is still for the most part smaller than the error
Figure 66.26 due to '.the uncertainty in the vaI_ue'IQ_f Thus, Fhe _Iatter will _
Continuum spectra of the emission at various core locations. The emergeﬂ?termIne the total error, especially if the noise in the experi-
profiles of Fig. 66.23 have been integrated to simulate one-dimensional siieéntal data is kept belo#25%.

images, then convolved with an instrumental resolution curve (assumed to be
a Gaussian of 1pm FWHM), and Abel-inverted according to Eq. (2). The 250 I:l.l L L B L L B B B
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Figure 66.28
Figure 66.27 Effect of+25% random noise in the backlighting image on the mass-density
Temperature profile in the hot spot, from Fig. 66.26, compared with therofile obtained from Abel inversion. Instrumental resolution ofuh®-
LILAC-calculated profile at peak compression. FWHM was included.
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The same procedure was applied to the emission profiles @onclusion
Fig. 66.23: after converting these profiles to slit images and The Abel inversion can greatly enhance the usefulness of
accounting for instrumental broadening,+a5% random either emission or backlit images of imploded targets. The
noise was added to the points. Then the effect of attenuation byeasurement of only the emission from a cryogenic target is of
the cold shell was accounted for, and finally the Abel inversiotimited value. The deduction of the hot-spot temperature is
was applied to yield the local spectral emission. Figure 66.280mpromised by not knowing the attenuation through the cold
shows a sample of random noise runs. The error in the locahell. To overcome this difficulty, the spectrum has to be
emission increases with the radius uptith% forr = 0  measured at sufficiently high photon energies, where the
because, when the profile does not increase toward the centatensity is low. Likewise, imaging the emission can yield the
the Abel inversion essentially involves the subtraction of twdot-spot size, but without information on the existence of a
almost identical quantities. The resulting temperaturesd?  cold annular region, the very existence of a hot spot is uncer-
varies in the range of 2.0 to 2.3 keV, and the variation is eveiain. On the other hand, two-dimensional monochromatic
smaller for larger radii. Thus25% noise in the experimental backlighting imaging supplemented by one-dimensional poly-
image results in a relatively small error in the temperatureghromaticimaging can yield significant additional information:
especially for larger radii, where, conversely, instrumentathe former can yield the density distribution within the cold,

resolution strongly affects the results (see Fig. 66.27). dense shell, and the latter can yield the temperature distribution
within the hot spot. To achieve this, a spatial resolution of
2.5 e e ~10 um in both instruments is required.
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