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Target Imaging and Backlighting Diagnosis

The case of an x-ray backlighting image of a CH-shell target
imploded by the OMEGA Upgrade laser system has been
calculated and analyzed. The goal is to obtain information on
the conditions at peak compression, where the experimental
constraints due to target self-emission and required spatial
resolution are maximal. Particular attention is devoted to the
problem of discriminating against the target self-emission. Itis
shown that this can be done by obtaining &4 monochromatic
image at a single spectral line emitted by the backlighter.
Additionally. the target self-emission image has useful signa-
tures. which can be studied with or without a backlighter. Two
experimental configurations for monochromatic imaging are
discussed: () an x-ray microscope with a flat crystal mono-
chromator, and (b) pinhole imaging in conjunction with a
curved crystal monochromator. Useful images are obtained
with simple (undoped) CH-shell targets and without the need
for a short-pulse backlighter beam.

The method of x-ray backlighting offers some advantages

over methods employing target emission for the study of

compression and stability of laser-imploded targets. One ad-
vantage of backlighting over emission imaging is the poten-
tial to delineate the interface between the pusher and the fuel.
This capability is more easily realized if the compressed fuel
is relatively cold near the interface (i.e.. a temperature gra-
dient exists in the fueh. Such information can. in principle.

provide a direct measure of compression and evidence of

any shell distortion. Emission methods can only delineate the
hot core, which may consist of the fuel as well as an
indeterminate section of the pusher. An additional advantage
is the ability to choose a short-enough backlighting wave-
length (say. A < 3 A) to avoid too high an opacity: with
emission. the interface region is often not hot enough to emit
such short wavelengths.,

An important ingredient in the backlighting schemes. as
discussed below istwo-dimensional monochromatic imaging:
this added feature can be likewise applied to. and enhance,
methods based on target emission. Monochromatic imaging
can be used o probe a particular layer in the target, which is
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doped with a suitable material. The imaging then involves a
particular atomic transition of that material that gives rise o
cither monochromatic emission or absorption. However. in
the case of backlighting. monochromatic imaging mustbe used
cven in the absence of a doped layer 1o overcome the back-
ground due to target emission.

When performing backlighting imaging. the self-emission
of the imaged targetis normally considered @ hindrance and its
suppression is considered desirable. In the test case studied
here the backlighting and self-emission images happen to be of
comparable intensity. This is an advantageous situation be-
cause the two image components provide complementary
information on the compression and implosion uniformity.

Most backlighting experiments in the past were less chal-
lenging. Typically, they used softer backlighter radiation
(A > 8 A) than we envisage using here. Softer radiation is
heavily absorbed by the shell so it can only delineate the outer
surface of the shelf. This kind of measurement cannot yicld
reliable information on the compression or stability. Softer
radiation is casier to produce in copious amounts. and the
requirements on spatial resolution in imaging the outer sur-
face of the shell are more moderate. Additionally, the prob-
lem ol target self-emission in those carlier experiments was
much less severe because the self-emission of a low-Z poly-
mer target is mostly very weak. except for the emission from
a highly compressed core. such as predicted for OMEGA

Upgrade targets.

Case Study of Experimental Parameters

We discuss the feasibility of backlighting experiments,
using the LILAC code for simulating a candidate OMEGA
Upgrade target. The target is a polymer shell of 940-um diam
and 30-pm thickness. filled with 80 atm DT gas. and imploded
by a trapezoidal pulse. The pulse rises lincarly over a 0.1-ns
period to 13.5 TW, then remains constant for 2.2 ns, before
dropping lincarly over a O.0-ns period. LILAC results were
used for simulating the expected backlight image for this test

shot. Figure S8.1 shows the density and electron-temperature
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profiles predicted for this target at peak compression. The
shell material has been compressed to a mean radius of ~50 tm
and thickness of ~30 ym. with a density in the rnge of
~10-50 g/cm’. corresponding to a pAr value of ~90 mg/em=,
The clectron teinperature in the shell ranges from ~80 (o
~1000 ¢V. Most of the backlight radiation absorption will
occur within the colder, outer part of this compressed shell.
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Figure 58,1
The density and clectron-temperature profiles predicted by the LILAC code

at peak compression for the case studied in this article.

Absorption Modeling

A simplified post-processor code was developed to caleu-
tate the transport of backlight radiation through the polymer
target. The absorption at a wavelength A in the CH material
consists of two contributions: free-free (bremsstrahlung) and
bound-free (photoionization): other ubsorption mechanisms
(such as Compton scattering) are negligible for radiation of a
few-keV photonenergy. The tree-free absorption coetficient at
a frequency v (in em™') s given by

Ky = (4}T:3(’(“u[,-/33/3l1v/n:\'3 )(ZIH/JTKT)”: N.N; . (D)

where gjis the free-free Gaunt factor (quantum correction),
- o . 3, , . bl .

Foramultispecies target. =N N;isreplaced by N <:,2 >/<“) in
terms of species averages. The bound-free absorption coefti-

cient for K-shell electrons (in em™"y in hydrogen-like ions is

given by
3/ 3.3 el 72
Kpp = ((\4774:41i1(']("u,,/ /3' ety )(Zm/m\‘l) N Q)

where gy, ts the bound-free Gaunt factor, 1 is the principal
quantum number of the absorbing levell and &y, has 1o be
caleulated separately for cach ionic species. For helium-like

His replaced by (z-0)* where ois

and higher ionic species. ¢
the Slater screening constant that equals! 0.3 for K-shell
clectrons. Negleeting the contribution to the opacity from
L-shell and higher-shell electrons. the total opacity along
various rays traversing the target can be now caleulated. using
the LILAC-predicted profiles of electron density and tempera-
ture through the target. To know the various N, that go into the
calculation of &pas well as into the zaverages, we need first
to caleufate the distribution among the chuarge states (degrees
of jonization). To caleulate the charge-state distribution of
carbon ions we make use of the LTE (local thermodynamic
cquilibrium) model. The LTE model becomes more valid as
the plasma density increases and the temperature and the
atomic charge 7 decrease. These conditions indeed prevail
within the cold, compressed part of the shell. made of low-7
polymer material. To verify the applicability of LTE we use
the condition? given by Griem:

N, >Tx I()'N(:7//1'7/3)(KT/:ZI;'H }I/zcm 2 (3

where [}y is the ionization energy of hydrogen (13.59 ¢V und
nis the lowest principal quantum number for which the level
population is still in LTE with the continuum (i.c.. whose
population is related to that of free electrons by the Saha
cquation). For & tvpical temperature of 150 ¢V within the
compressed shell. which is the principal absorber of backlight-
ing radiation. and with Z =6 and n = 1. Eq. {3) becomes N, >
3.2 % 10 em™Y This is well below the predicted values of
N.= 1 x 105 em™3,

We use the Saha cquation to caleulate the distribution of
carbon jons in the CH, C*, and C*¢ charge states. while
ignoring lower ionizations (which are negligible even at the
fowest existing temperature, ~80 ¢ V). The charge-state densi-

ties are then given by the set of equations:

/2

(N NN [22*“('/‘)/z*i('/')](zmn;\-'/'//ﬁ)‘

oxp[=(£77 = AE ) fur ] 4
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(NN N = 22 2 F'1(‘1')](3”/1)I\"I',//l2 )

exp|={ £t - Art /Nt (5
!

N NS N = N (0)

£+ s the ionization

where Z(7) is the partition function,
energy of hydrogen-like carbon. £4% that of helium-like car-
bon. and N¢ is the total carbon 1on density. The reduction in
ionization energy AE is calculated by an approsimation? to the
theory of Stewart and Pyatt:?

273 .
AE(('V):2.1()><l()‘7(:/r,-){(l+,\‘-‘) \] (7)

x = /ri s interms of the Debye radius 1y and the interionic
distance 1}

= NN+ = (3w

It should be noted that to caleulate the charge distribution. we
need to know (z) in Eq. (8). which calls for an iterative
solution. To simplity the caleulation we adopt the LILAC value
of (z) tor Eq. (8). since the reduction in fonization energy is
needed only as a correction in the calculation of the charge
distribution. Using the resulting densities. we can readily
caleulate the zaverages. as well as the total bound-tree opacity

/\-M. - Nﬂq/‘vhlkl + A’+ik/>/.5 . ()

where kj,p 4 is the bound-free opacity due to the helium-like
carbon ion. and 4, 5 due to the hydrogen-like carbon ion.

For the simulation we choose a backlight wavelength of

2.62 A, corresponding to the 1s2p-1s7 line of Ti*2", When
irradiating a ttanium backlighter target. this will be the stron-
gest line. with a relatively low fevel of underlying continuum
radiation.® We assume that the backlighter is irradiated by a
single beam. identical 1o an (%,MF.GA Upgrade beam with an
energy of 500 1 and the same pulse duration and shape as
desceribed above. We further assume a backlighter focal spot
of 150-um diam. giving rise to an irradiance of ~1.4 x 1013
W/em?, This diameter is sufficiently large for imaging the
core at peak compression at which time the outer shell dia-
meter is only ~120 gm. The optimal choice of wavelength for
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a particular tairget implosion is one giving an opacity of ~1in
going through the target center at the desired time ol probing.
In this way the image will show the higher opacity going
through the limb than through the center. thus dehineating the

Monochromatic Absorption Images

[n Fig. 58.2 we show examples of the predicted instanta-
neous backlighting images of the 2.02-A Tine at various tites
during target compression. The abscissa is the tateral coordi-
nate in the image plane, assuming unit magnification. The
backlighting incident intensity is assumed to be unity. Target
self-emission was not included in this caleulation. The images
assume that a monochromator was used for the detection:
methods of monochromatization are described below. We see
that titanium was a suitable choice for this target implosion:
indeed. the opacity through the target center at peak compres-
sion [Fig. 58.2(¢)] is ~0.9. As a result. the absorption through
the target center is visibly lower than that through the limb.
[The opacity through the limb in Fig. 58.2(¢) is ~2.3.} The
position of the minimum in the curve (maximum absorption)
corresponds approximately (o the fuel-shell interface: how-
ever. it is shightly larger than the interface radius, Thus, the
minimum of the 2.87-ns frame [Fig. 58.2(¢)] is at a radius of
~58 tim. while the interface (Fig, S8. Dyis ataradius of ~45 pm.
For homogencous shells, the dip in the backlight image would
correspond to a line of sight that is tangent to the fuel-shell
interface: this direction corresponds to the longest chord
through the target. therefore to the highest opacity. The main
reason for this difference is the fact that the inner part of the
shell is hot and has lower absorption (additionally. the density
at this time peaks outside the interface radius). This difference
yields an underestimate by a tactor of ~2 in the derived
compressed density. In cases where the electron-temperature
profile is more centrally peaked. the absorption-profile mini-
mum will yield a value cleser to the correct density.

To minimize the smearing effect due to time integration, a
framing camera can be employed behind the imaging device.
In this case. only one frame can be casily accommodated
because the various frames in a framing cameri are recorded at
various spatial directions. whereas here only one divection will
yield the desired image: that given by the fine connecting the
main and backlighter targets. Figure 38.2 indicates that during
a period of ~100 ps around peak compression (from ~2.8 (o
~2.9ns) the backlight image changes very ittle. Therefore. the
method used to obtain time resolution need not achieve better

thun ~50-ps resolution (for probing peak compression).
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Examples of the predicted hacklighting images at vartous times during the compression, The backlighting meident mtensity was normahized 1o unity.,

Monochromatic backhighter was assumed at 2,62 A (taniunn. Target selt-emission was not included. The vertical hars mark the fuel-shell interface

Alternatively. the backlighter x-ray pulse can be shortened
by using a polymer-coated Ti target. so that the Ti emission is
defaved. Totestthis possibility we simulated the emission from
a titanium target coated with varying thicknesses of polymer
(CHyand irradiated with asingle OMEGA Upgrade beam. The
pulse shape was typical of those projected to be used in high-
performance implosions: its total duration is 9 ns, it rises
slowly first and then faster. until reaching a platcau of 0.3 TW
from 8 to Y ns. then dropping to zero. The total pulse energy is
0.5 KJ. This pulse shape is different than that described above.
and used everywhere else in this work. and was chosen to

verity x-ray pulse shortening even tor this longer pulse. To
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simulate a backlighter disk of 150-gam diameter. irradiated at
4 101 W/em?, we assumed in the simulations a spherical
target of 300-gm radius, irradiated at that irradiance. We
summarize the results in Fig, 583, showing the x-ray emission
from an uncoated titanium target. as well as from a titanium
target coated with an I8-gm-thick CH layer. The x-ray emis-
sionisintegrated over the +.5- 1o 5-KeVenergy band. compris-

3 . - .
#20 pesonance line at 4.73 keV. Even with no

ing mostly the Ti
CH coating. the x-ray pulse is considerably shorter than the
incident faser pulse hecause the carly Cfoot™) part of the
Jaser pulse is too weak o vield significant s-ray radiation
within this energy band. A coating of I8 um CH further

LU Review, Volume 58



shortens the x-ray pulse to a width of =160 psowhile reducing
the x-ray power by only a factor of =2 Fhicker coatings cause

precipitous reduction in s-ray power and are thus not usetul.

S S
OF Uncoated Ti B
z st >/
et
5 4l .
2 3 .
o Ti+18 um CH
T2k B
| - L;
() 1 ]
4 §) 8 10
Jpe2 Time (ns)

Figure S8.3

Simulated v-ray emission from an uncoated ttanium target. as well as from
a ttanium target coated withan 18- gm-thick CH Tayer. The x-ray emission is
integrated over the 4.5- 1o S-keV energy band. comprising mostly the Ti+20
resonance line at 473 keV

Emission Profiles
58.2) should now
he combined with the target self-emission profiles. We note

The backlighting images (such as in Fig.

that in LTE the lTocal emission £(v) and the absorption cocelti-
cient k{ vy are related through Kirchhoft™s law.” in terms of the

blackbody function B,:
e(v) = k() By = (20" k() Jexp(hv wT)=1] . (10)

where wis the Boltzmann's constant. Expressing Eq. (10)in

explicit units,

/ oV L Alem ] E(ReV)
ol NV )_341_%«.1()-— il [> ) IS
keV ns em™ Q exp(lE T)-1

where € designates solid angle. The total spectral intensity
emerging along aline of sight (in the v direction) at a distance
v from the axial direction. due to both the backlighter as well
as the target self-emission. is obtained by solving the radiation
transport cquation
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P
<R s the target radius, Ty (V) is lhc spectral

where == R -
;= *",\'“] {
intensity emitted by the backlighter at the line-center fre-
quency vy (e at 2.02 A, and the Tocal emission g0v) is given
by Eq. (11). The resulting one-dimensional profile f(vi.v)is in
reality, of course. circularly symmetric. Since we chose
131 (v to carrespond to the peak of the backlighting line. the
profile caleulated by Eq. (12) gives the highest possible con-
trast between the backlighting and the self-emission images. It
will be realized only it the monochromator bandwidth is not
larger than the spectral width of the backlighter fine. For a
wider bandwidth we saumple a larger fraction of the continuous
self-emission, but the intensity from the backlighter tassumed
to be mostly in a single spectral line) will remain about the
sume. thus Jowering the contrast,

We next estimate the backlighting irradiance 75, (viy) at the
Tit2Y, The
on the backlighter is 1.4 x 101
W/em?, or 9.4 x 1021 keV/ns em®). At this irradiance. the
20 Jine at 2.62 A can be
conservatively taken tobe 0.03% into unit solid angle perpen-
dicular to the target, giving an x-ray flux of 2.8 x 101 keV/

bl .o .
2.62-A wavelength, the 1s2p-1s= transition ol

assumed laser irradiance

x-ray yield for producing the Ti

(ns em= ). To caleulate the flux per unit photon energy. as
explained above, this number has to be divided by the larger of
the spectral line width and the instrumental width, The former
is ~1.2 ¢V (see below), whereas a typical instrumental width
would be ~4 eV, We finally obtain for the backlighting
spectral flux at the frequencey vy of line center

k&.V
I/f/(\())——7()>( 10- L A (13

keV (n\ cm- S))

Using this value and the plusma profiles caleuluted by the
LILAC code (Fig. 581y we solve Eqg. (12) numerically to
obtain the combined image of backlighting and self-emission.
The imaging device is assumed to have unit magnification
and throughput.
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We show in Fig. 384 the combined inonochromatic image
tat 2,62 A0 due to backlighting and self-cmission at peak
compression. intercepted by a monochromator ervstal ot 4-¢V
bandwidth. The curves are normalized to the spectral intensity
ol the backlighter. 7.0 x 102 KeVAKeV ns em= ). We note
that the two contributions thacklighting and self-enmission) are
of comparable intensity in this particular case. This indicates
that without the use of a monochromator crystal the sell-
cmission will dominate the image and render the method
impractical. Thus. it instead of using & monochromator we
were to use a filter, the intensity of the monochromatic back-
lighting radiation (consisting of mostly a single spectral line)
will remain about the same. but that of the continuous selt-
cission will greatly increase. For example, an appropriate
filter for the 2.62-A titanium line would be a 25-gm-thick
titanium filter. Such a tilter will produce a bandpass of an
~1-keV width (spanning the range ~4 to ~5 keVyas compared
with the ~4-¢V bandpass of the monochromator cryvstal.

].() T T T T A T T T
08 L §
Totl ]
2 06 ]
> ]
S T 4
S 04 g .
3 ]

0.2 4

0.0 L 1 L 1 I 1 i (- i

0 50 100 150
R Radial coordinate (tm)

Figure 584

Fhe combined image due to backlighting and selt-cmission at peak compres-
ston of an imploded CH shells The image s caleulated assuming a
monochromatic detection at the 1a2p 152 line of -« tianium: backlighter
A =262 A1 The curses are normalized o speetral intensity of 7.0 = 1020
KeV/akeV s em? ¢,

The fact that both image components have comparable
intensities makes the imaging method more powertul because
information on both the cold shell as well as the intertace can
be simultancously obtained. An underperforming target can
be expected to show an absorption dip that is both shallower
(hecause of a lower arcal density pAralong the corresponding
chord) as well as displiaced to a larger radius (because of a
lowercompression). If the target performance greatly deviates
from predictions (leading normally to a colder core), we may
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hive to cnmiploy softer radiation to see a comparable tmage,
Alsol the two-dimensional image can show long-wavelength
perturbations ol the spherical sy mmetry.

OF particular interest is the spike seen in the self-emission
image at a radial distance of ~40 g This spike is emitted by
the imnermost surface of the CH shell and s due to the so-
called “limb darkening,” or the Tact that the depth ofa line-of-
sight through the rinv ol a shell is Tonger than that through its
center. In the complete two-dimensional image this spike will
appear as a circular ring and will closely correspond to the
fuel-shell interface. It provides therefore a direct measure of
the achieved compression. Because of the potential usefulness
of this spike we study its characteristies in some detail. The
spike.if observable. can be used also in experiments with no
backlighting, The image will not be then purely monochro-
matic, as in Fig. S84, but will instead be averaged over the
transmitted spectrum of the filter. Our caleulations also
showed that averaging the image over the transmitted spec-
trum of o 25-gm-thick titanium filter hardly changed the self-
emission image in Fig, 8.4,

The spikeinFig. S84 is spatially very narrow (<3 gm wide)
becuuse only the innermost surtace of the CH shell is hot
cnough to e¢mit the 4.73-keV radiation contributing to the
image. As Fig. 581 shows, that temperature is in the range
~0.6--1.0 KeV. It the core in an actual experiment is colder.
the spike will be too weak to be seen. unless we choose
softer radiation (£ < 4.7 keV) for the imaging. Furthermore.
an excellent spatial resolution is required. In Fig. 585 we
show the result of a convolution of the emission image of
Fig, 384 with an imaging device of 6-um spatial resolution
(and unit magnification). The spike is still seen. but poorer
resolution renders it indistinet.

Figure 58.6 shows the self-emission of the test-case target
at various photon energies. The motivation is to maximize the
spike visibility: theretore, the backlighting part of the image
was eliminated. The contrast of the spike with respect to the
central peak maximizes in the 4- 1o S-Ke'V speetral range, To
understand this we turn to Egs. (LD and (120, The tactor k(£
EX appearing in Eq. (1) is essentially independent of £, By
writing the derivative dE/IT from Eq. (11) we see that at
higher photon energies the contrast between the spike and the
central emission falls due o the exptr/7) factor. This s
because the central core is hotter than the shell interface re-
gion, and. when £/7 is smaller. the exponential termy increases
more sfowly with increasing £ At low photon energies, ab-

LLE Review. \olume 38
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Figure S8.5
Convolutian of the emission image of g, S84 with an imaging device ot

O-pm spattal resolution tand unit magnitication).

sorption sets inand the imb-darkening effect disappears. The
observed radiation from the hot part of the shelt comes from the
outer surface of that region and does not depend on its depth.

To maximize the spike emission it is instructive o know
the relative contribution of the hydrogenic fuel and the CH
shell to the emission profile. Figure 38.7 shows the emission
profile of Fig. 58.4 with and without the hydrogenic tuel
contribution. Even though the fuel has a lower nuclear charge
thun the carbon in the CH, a significant fraction of the central
emission comes from the fuel because the fuel temperature is
considerably higher than that in the shell. To increase the shell
emission we may dope the CH shell with o higher-Z element.
Irrespective of the detailed atomic physies of a high-7 dopant.
its finul effect is to increase the absarption coefficient and,
through it. the local emission|see Eq. (11, Tosimulate doping
we theretore multiply the absorption coefTicient tand therebs
also the emission coetficient) by a number . which
in Fig. 588 assumes the values 1020 40 and 160, The only
indeterminate information here is the quantity of a given type

of dopant corresponding to each i, Figure S8.8 (calculated for

a photon energy of 5 keVy shows that doping the shell cannot

increase the contrast of spike o fuel emission because the
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Figure S8.0

Self-enmission profiles of the test-case target at various photon energies.
The curves are normalized toa spectral i tensity of 7.0 < 1020 ke VeV ns
ems Q).

opacity through the region emitting the spike is not negligible
(itis of order Ty For negligible opacities. the strong 7 depen-
dence of the absorption coefticient JEgs. (1) and (23] when
substituted into Eq. ¢11)y will result in much higher emission.
However, when opacity is not negligible. the increase in the
absorption coetficient. which also appears in the exponent of
the attenuation |see Eq.(12)]. will dominate and limit the spike
intensity to that of a blackbody emitter. Additionally, the
doped cold shell will further absorb the radiation emitted at
the interface region. The fength corresponding to this absorp-
tion is longer than through the center: this wrns u flat-topped
profile. characteristic of w high-opacity emitter. into the bell-
shaped profiles for the high-m cases in Fig, 58.%.

Finally. we note that if the spike is still observed in the
presence of mixing (which will be the case il the mixing is
modest). itwould permit an estimate of the degree of mixing.
Mixing will raise the fuel emission thenee, the central peak in
the image) relative to the spike emission. To simulate this
effecto we show in Fig. 58.9 the emission profile when the fuel
absorption coetlicient is multiplicd by mr = 1.2 and 4. Since
the absorption coefticient of hydrogen is purely due to
inverse bremsstrahlung, which depends on 7 like 77 |see
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Eq. (D] we canestimate the amount of CH mixed into the fuel
for the m =4 case as 8% by atom number. Much higher levels
of mixing and shell distortion will make the spike disappear
and render this method inapplicable,

Image Monochromatization

To improve the absorption-image visibility we assumed
above that the backlighter emission is intercepted by o mono-
chromator crystal that is angle adjusted for peak diffraction at
2,62 AL the backlighting wavelength. The narrow retlection
window of the erystal will greatty reduce the reflected broad-
band self-emission but will only slightly attenuate the single
backlighting line. Roughly. the energy band diffracted by the
crystal will be ~1 eV, as compared with a filter transmission
window of ~ 1 keV. Thus. without a monochromator, the peak
selt-emission flux will be several orders of magnitude higher
than the backlighter flux.

We now discuss in more detail the effect of introducing an
X-ray reflecting erystal into the detection system. A problem
caused by the fact that the wavelength selection by a crystal is
related o direcuonal selection. In the dispersion direction,
cach wavelength can only be diffracted within a narrow angu-
Lar diffraction range (of the order of ~107 rad) around the
Bragg angle. However, the image generated by either a pin-
hole camera oramicroscope can have a larger divergence than
the acceptance angle of the crystal, in which case the mono-
chromatic backlighter image may be clipped. For example. a
I50-gm image size that is recorded by a pinhole at a distance
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mo=2

x [0

Normalized mtensinn

[ ) S C——

0 50 100 0 50 100

Fouo Radial coordinate (g

Figure s8N
Simulation of shell doping with a high-Zadduive. The absorption coetficient

in the shiell is multiplicd by Detection is ar 3-he V' photon encrgy

i ne: DT absorption 1
coctticient multiplicr

1.0

Intensity arbitrary units)

0.0 L ;
(0 50 100

Fens Radial coordinate
Figure 389

Emission profifes when the Tuel absorption coctticient is maltiplied by s o

simulate shell-fuel mivang. Detection is at 4,73 ke V' photon energy |

LLE Review, Sohune 38



of SO mm from the target corresponds toadivergence angle of

3 10 rad. Sinee an xeray mictoscope is placed at longer
distances =200 mm. the divergence is smaller (=7 = 10 rad),
To minimize the clipping problem we need to nunimize the
ervstal aceeptance angle A8, for a given linewidth A4 To
see the relationship hetween the two, we differenuate the

Bragg condition 2dsinBy; = A and obtain
L/AE = AZNA = an HI#»'-\HI)" (14

The reselving power AZAA i aslow ]y varving function of the
Bragg angle 8. o to maximize A, we should maximize 6.
This requires selecting a ervstal whose 2d spacing is only
slightly Larger than the relevant wavelength so that the dittrac-
tion angle will be close to 90 . One appropriate choice for the
2.62-A wanvelength is topaz (303, of 2d spacing 2712 AL
giving a Bragg angle of 74,50 However. topas has a high
resolution (~600M. which makes Ay narrow, It we choose
Ge (1HD of 2d = 6.545 A and resolution ~3000. the Bragg
angle for the 2.62-A line will be only 23,57, Using Eq. (1)
we see that the gain of a factor of ~2 in AB. with respect o
topas (because the resolution is lower), is outweighed by a
decrease of afactor of 8 in tandy,.

The resolving power A/AZ of topaz (303) was measured”
o be ~10% in the range 6, = 10 —40 . Extrapolation to
Oy = 74 vields a resolving power of ~6 x 104 which from
Eq. (1) corresponds 1o AG = 6 x 10 rad. This divergence is
smaller than that of the image of cither the pinhole camera
(4 107 %) or the microscope (1 x 1074, However. the clipping
problem is actually fess severe due to the spectral linewidth
AA For example. the Doppler width of the 2.62-A line in a
ttanium plasma of ion temperature 77 = 500 eV is AL, =
1.2 ¢V which corresponds to Ay =9 x 107 rad. about equal
to the microscope image divergence. The Tinite spectral
linewidth causes the crystal 1o retlect in cach direction a
shghy difterent wavelength within the linewidth. This cases
the clipping problem butresults inan intensity reduction ot the
order of 6/9 = 0.67. The ficld of view is sull a problem for the
pinhole-camera imaging. but not for microscope imaging.

The problem of limited field of view can be overcome by
using a curved erystal (the Rowland circle geometry™), so that
all rays torming the image have the sae angle of incidence
on the crvstal. This is stricty true only tor a Johansson-hent
crystal. The resulting geometry is as follows: A pinhole is
placed on the Rowlund circle at s lacation corresponding to the
hacklighter wavelength (sav, 2.62 Ay The target and the

backlighter are placed outside the cirele. Because of the Tinn-
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tation on the solid angle occupied mthe target vacuunm tank.
only small Bragg angles wre feasible. The advantage of Targe
Brage angles deseribed above disappears, but the focusing
ccometry compensates tor this, A fihn s placed close o the
erystal because farther from the erystal the focusing due o the
curvature of the ersstal eliminates the amaging. We have then
fwa options tor monochromatic imaging. both shown sche-
matically in Fig SN0t using an v=riy microscope with a
flat erastal (topazy interposed just in front of the recording
mediume. and (b pinhole imagine coupled toa curved-crystal.
Rowland-cirele spectrometer. In (o) the Brage angle is large
(e 745 fortopasic whereas in thy the Bragg angle is small
(1218 inour present design).

k-B

Tareel  MICTroscope Crystal

(a)
Backlighter
Backlighter
(h) Film
Target
Crystal Film
Loy ™

Fieure S8 10
Schematic representation of twao geometries for monochromatic backhgeht-
ing: G Kichpatnek-Baez v-ray microscope and o tlat ditfracting eryvstal:

(b pinhole magimg with a curved ersstal on a Rowland circle.

The basis for imaging with a curved crystal. as stated
above. is that all rays divergimg from a single point on the
Rowland circle and diffracted by a Johansson-type curved
crvatal tall on the erystal at the same Bragg angle. This
assertion needs to be examined sinee the pinhole located on the
Rowland circle [Fig. 38 10(0)] has a finite aperture. To find
the divergence due to this finite size. we make use of the
dispersion relation™ of the Rowland spectrometer: A/ = 1 A6,
where R is the radius of curvature ol the erystal tie.. twice the
radius ol the Rowland circle) and Ny is the change in the
incidence angle on the erystal. corresponding to o wavel A/
along the Rowland circle. A choice of R = 60 cm (correspond-
ing to an actual spectrometer under construction at FLLE) and
A =10 gon(corresponding toa pinhole of that diameter) vields
NGy = 1.67 < 10 S rad. This is smaller than the ey stal aceep-
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tance angle Ay = 3.5 < 10 : quoted above, meaning that
L0-tm-diam pinhole will not constitute the limitimg factor in
achieving monochromatic imaging. Instead. that imitation
will be given by the imperfection of the ery stal manutacturing
and bending. as well as of the alignment.

We turn now 1o g comparison ot sensitivity using bhoth
methods of imaging. A K-B microscope implemented at L1LEY
has a selid-angular aperture of 3 x 1077, For measuring the
4.73-ReV titanium line, a gold coating is appropriate. having
a reflection efficiency of ~0.3 over the range ~3.0-5.5 kel
The effective throughput cproduct of the angular aperture and
the efficieney) is 9 x 1075 For the case of the pinhole-
crystal method, a 10-gm-diam pinhole at 30 mm from the
target. as assumed above, vields a solid-angular aperture of
4 107N smaller than the aperture for the case of a K-B
microscope. This is an additional advantage tin addition to the
case of aligning) in using a microscope-crystal combination,

as opposed 1o using a pinhole with a curved ervstal. 1t should

be noted that there is no sensitivity gain due to the curvature of

the ervstal in the latter case because the film is placed ven
close to the cerystal [Fig, 38.10¢b)]. before any significant
focusing occurs, As explained above, such focusing would
climinate the imaging.

The effect of the monochromator bandwidth in reducing the
continuum radiation participating in the image was already
included (assuming a bandpass of 4 e V), We now calculate the
crystal attenuation of the backlighting image for the experi-
mental arrangement shown in Fig, S8.100a). As it turns out,
the results for the arrangement in Fig. 38.10¢h) for a particular
configuration are very simitar.'” The attenuation of the back-
light image due to diffraction off a eryvstal monochromator is
only by a factor of 2-3 because the beam forming the image is
quasi-collimated when falling on the ervstal.

We estimated above a resolving power of ~6 x 107 tor the
topaz crystal at 2.62 Az this corresponds to an energy window
of AL =0.79 ¢V. This happens to be smaller than the generic
4-¢V bundwidth assumed in the caleulations above, We first
note that the divergence of the beam focused by the micro-
scope and incident on the erystal is smaller than the angular
retlection curve. If the crystal angle is properly wned. all rays
are approximately incident at the angle of the peak in the
reflectivity curve. However, the actual reflectivity is not sim-
ply given by the peuak reflectivity becuuse of the finite spectral

width of the 2.62-A line. The reflection as a function of

wavelength is simply related to the angulur reflection curve

66O

through the Brage relation, This curve s approvimately o
Gaussian with peak reflectiviy R cand width AL L The
spectratlime shape canalso be takenas a Gansstan ol width AL
The effective ervstal reflectiviny will be lower than R\
because only rayvs ol wavelength close o hine center fultill
exactly the Bragg diffraction condition: the effective reflectivity
s then given by the integral tassuming that the angle of
incidence is the Bragg angle of peak reflectivity tor the line-
center wavelengthy:

R = (Ryn/ M) | L-\p[-- (AE/AE)) ]

MR s

Mman -

Jor: = &

where A, - = _\I:'/j + AL 7 For increasing AEL both the
incident intensity (first Gaussian) is decreasing as well as the
reflectivity (second Gaussian) because the detuning from line
center is then larger. AF, should not be construed as o total
width: in fact A, is smaller than cither AE; or AE .. As
expected. when AE) << AL R = R .-
when AR, >>AE 0 R= R, AE /AE, . In cither case, the

reflected intensity drops as we go to larger Bragg angles

In the opposite case.

because (h the peak reflectivity R, drops for increasing 8y
and (2) AF also drops for increasing . Sinee the resolving
power EZAE is usually almost constant as B changes. itmeans
that AF,_ changes like ~1/5sin8y. In the case of flat-crystal
diffraction we are compelled to pay the price of reduced
intensity to ensure a lerge enough field of view (by going to
lurge Bragg angles. v.here Afy is larger, even though AE s
smaller). When using o curved crystal (Rowland spectrom-
cter). the field-of-view problem is overcome because of the
property of Rowland circle focusing, namely, that all rays
diverging from a point on the cirele tull on a Johansson-bent
crystal at the same angle. enabling us to take advantage of the
higher reflectivity at small Bragg angles. On the other hand.
small Bragg angles are also mandated by the geometric con-
straints of the target vacuum chamber,

For the case of the topaz crvstall it was estimated carlier
that AE, = 0.79 eV oand AL = 1.2 eV vielding R = (0.66/1.2)
R
for the integrated reflectivity of topas to 74 and find R
~2% 1074 Using the relationship Ry, = \0j < R

mas = O35 Ry Toestimate Ry, we extrapolate the data

mnt

s aned the

value ot A8y estimated above. we find R = (133 and.

N
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finally. the effective reflectivity £ = 018 This attenuation is
the price we have to pay for using a monochromator crystal

for reducing the contribution of target sell-cmission.

Conclusions

The expected backlighting and self-cmission images of a
particular CH target to be imploded on the OMEGA Upgrade
are calculated for a variety of experimental parameters. The

goal is to image the shell at peak compression with opacity of

the order of 1. In this case. the image should delineate the
inner surface of the imploded shell (or at least its colder
portion). thus providing usetul information on the compres-
sion and the symmetry. It is shown that to overcome the
problem of target sclf-emission. the image has to be
monochromatized with a diffracting crystal. and that the re-
sulting attenuation of the backlighting image is not severe (by
a factor of ~5). For the target studied. the two image compo-
nents are then comparable in intensity. and both provide useful
information on target behavior. Two experimental configura-
tions for monochromatic imaging are described: (a) using a
microscope and a flat ervstal, and (b) using pinhole imaging
and a curved crystal in the Rowland geometry. Useful images
are obtained with simple (undoped) CH-shell targets and
without the need for a short-pulse backlighter beam.

A particularly interesting feature is the appearance in the
self-emission of a circular spike that closely delineates the
tuel-shell interface but requires high spatial resolution to be
observed. The optimization of its appearance is studied. Fi-
nally. it is shown that mixing of shell material into the fuel at
up to ~10% by atom number might be diagnosable by the spike.
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Effect of Electron Collisions on Ion-Acoustic Waves and Heat Flow

Introduction
The damping rate of ion-acoustic waves in plasima plays an

important role in establishing the threshold for the onset of

stimulated Brillouin scattering. ion-temperature-gradient in-
stability, current-driven ion-acoustic instability, and other
drift-wave microinstabilitics. The effect of electron-ion (e-i)
collisions on the 1on-acoustic damping rate has been recently
investigated by analytically solving the electron Fokker-
Planck (FP) equation for a Lorentz plasma (i.c.. neglecting
e-¢ collisions) with cold ions and arbitrary kA4,; (where & is
the wave number and A is the ¢-i mean free path).! 1t was
shown that. as e-i collisions are introduced. the damping rate
yrises monotonically above the collisionless Landau limit yy.
reaches a peak at k4, ~ (Zm‘,/m,-)l '* (where Z is the charge
number and m is the mass). and then decreases to zero as kA,
— 0 with the damping rate ¥y,;4 predicted by fluid theory.

The main purpose of this article is to asses the contribu-
tions from both ¢-¢ and e-i collisions on the damping of the
ion-acoustic waves. Results are based on numerical simula-
tions using a code (SPRING) that solves the linearized
electron FP and cold-ion fluid equations. We are able to
explore a wide range of values of k4,; and Z by expanding the

electron-distribution function in an arbitrary number of

Legendre modes. and by using the exacr form of the Rosen-
bluth? potentials (neglecting terms of the order of mum;). In
the high-Z limit. where ¢-¢ collisions can be ignored. the
analytic Lorentz-plasma results of Epperlein ¢f al.! are recov-
ered. For low-Z plasmas. ¢-¢ collisions become significant
and promote a reduction in the damping near kA,; = 1. though

ystill remains larger than ¥ and ¥y;9- The approximation of

isotropic Rosenbluth potentials is also investigated and found
to yield sufficiently accurate values of y (error <10%). A
further useful approximation that involves adjusting the e-i
collision frequency to simulate the strength of ¢-¢ collisions
is shown to be similarly accurate. Although finite ion-temp-
crature effects have been neglected in the current analysis,

68

their contribution to yhas been investigated by Randall? and
more recently by Tracy ef al..t who caleulated the ion-acoustic
cigenlrequency o for arbitrary kA; (where A is the i-/ mean
free path) and isothermal electrons.

Itisalsoofinterestto caleulate the effective (or generalized)
thermal conductivity & based on the perturbed distribution
function and compare it to the classical Spitzer-Hirm (SH)?
conductivity Kgp. Not only does this give insight into electron
kinetic effects, but it can also provide a way of incorporating
kinetic effects into fluid equations. This idea has been success-
fully used in the context of electron heat transport in
laser-produced plasmas® and more recently in the context of
drift-wave microinstabilities in tokamak plasmas.”-8 In par-
ticular, generalized thermal conductivities have been calcu-
lated by Hammett and Perkins” (kj;p) for collisionless plas-
mas. and by Chang and Callen® for arbitrary k24, ;. @, and Z.

The results for xcalculated here are shown to reproduce the
analytic results of Epperlein et al.! obtained in the Lorentz
plasma approximation. In the collisional limit (k4 ; << 1) &
approaches gy, and in the collisionless limit (k4,; >> 1} it
approaches kjyp. We find. however, significant discrepancies
with the results of Chang and Callen. They underestimate &
by factors ranging from 2.4 (at Z=1)to 7.1 (as Z — oo) in the
collisional limit.

The introduction of a spatially modulated inverse-
bremsstrahlung heating source has also been recently shown
to significantly reduce the effectiveness of heat conduction
when k4,; >> 1.2 A simple analytic formula for &/Kgy; as a
function of k4,; has been proposed, based on simulations
with an approximate form of the FP cquation. Here we are
able to assess the accuracy of the xjg formula and show that
the reduction in conductivity (relative xgpy) for kA, >> 1 is
indeed larger than for the undriven case, with freely propagat-
ing sound waves.
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In the following sections, we describe the electron FP and
cold-ion fluid equations and the numerical scheme (SPRING
code) adopted for their solution: finally, our results are pre-
sented and summarized.

Electron Fokker-Planck and Cold-lon Fluid Equations

Our model consists of a quasi-neutral homogencous back-
ground plasma with fully ionized ions. The full clectron FP
operator is used. with the exception of ¢-i energy-exchange
terms
mJm; << 1). Adopting a perturbation of the electron distribu-
tion function of the form

fleovar)=Fyle)+ 2 fito.r) Pu)expliky). (hH

=0

where g=v /o and A(u) is the /th Legendre mode. the

lincarized electron FP equation (defined in the rest frame of the

jons) becomes!?

) ko ki ok ‘ . . \
Do Ko KGR )+ Gl ) ()

a3 T

Moo 2 (E o }()I‘E,
S kvfy Hike = fy - =+ =L | =+
17 tho 1 5 12 [ m, o )

= Vit + Chol Ry )+ CE Ry ) (3)
r?/ 3 IR,

1/\0 —IA ify = ~1/\u 0—
(77 h+ ol 3 oo
= =W fa+ Clol Ry 2)+ ChulRy f2). 4
and
o !l " !+ )
7);4‘2/_1//\1.//_,]'4' T IAL//H
/(/ +1)

= L tl//+Cu(,‘() I/)+( (I()//) (5)
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(which provide contributions of the order of
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for /> 2. The ion velocity iy and electric tield £oare tist order
in the perturbation, and

',‘,12 3

Fy(e)= N, (2me,) T exp(=e7 /20,7

is an cquilibrium Maxwellian, where N is the background
clectron number density, @, = (‘l[‘,_,/m..)lu is the electron ther-
mal velocity, and 7, is the clectron temperature (in energy
units). The velocity-dependent ¢-i collision frequency is

given by
N B} 2 /.3
)= 4N, (e, | n A/

where ¢ is the electron charge and InA is the Coulomb oga-
rithm (assumed the same for both electrons and ions). The
terms (7

Loand CEodetined in the Appendix) represent the
isotropic and anisotropic parts of the e-¢ collision operator,
respectively. Since the latter involves integration over the
perturbed distribution function. it is usually neglected in FP
calculations.!'t The validity of
subject of “Approximations to the Fokker-Planck Equation™
onp. 72,

such approximation is the

The lincarized cold-ion continuity and momentum equa-
tions are

i
2y kN =0, (6)
ol
and
T
A,‘Ul, —_= [/\I l(’l E+ R“ (7)
o

where K, :(—Hmz(,/3)_[(/2‘1"‘\/,,,;/'] is the i-¢ momentum ex-
change rate. n; is the perturbed ion number density, and N,
is its background value. The perturbed electrie field is caleu-
lated via Poisson’s equation,

ikE =4m|e|(Zn; = n, ). (8)

where the perturbed electron number

ooy
n, = 47TJ“ 0= fodo.

density s

6Y
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Numerical Scheme (SPRING code)
A computer code (SPRING) has been written to solve
Egs. (-8 Ttuses atime-splitting™ scheme with the follow-

g stages:
£ R

(acceleration).

N 3

ﬂ|_ :LUL L ()u )()I“

m, o

N ik, dl .
UL a1 (compression),

b2 3 o

¥y 2 I iscosi
W= g S0 (viscosity).

a3 o

i

do

o ClL(Fyfo)+ Clolfo Ky
e

It

(e-¢ collision),
)
2

Cle(Fo Ji)+ Cho( Ry 1)

and

H+1 .
’l“/lH = Veili

i)/l. / [+
2043 2

:_.,__.,/\-w —_
a3y

(advection and e- angular scatlering),

where { > 0. The acceeleration, compression, and viscosity
stages are advanced explicitly in time. In the ¢-¢ collision
stage. the isotropic collision operators (which are differential
operators) are evaluated implicitly using the Chang-Cooper!?
scheme. whereas the anisotropic operators (which are integral
operators) are evaluated explicitly. In the advection-scattering
stage. fp is solved implicitly at cach velocity group, using
the boundary condition that f_; = f; ., =0. The distribution

functionis defined ona velocity mesh with constant spacing of

typically Av =0.1257, between v = () and 67,

After advancing the distribution function in time, with a
fixed time step Ar. the ion-TTuid equations are solved explicitly.

However, solving Poisson’s equation explicitly to caleulate £

can Jead to numcnul instabilitics when Al(u > [where

072 o
,= (47N fm, ) isthe pl.n.\mdIlcqucm_\I.'qu\'mdlhls
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problentwe use animplicit-moment method.  which involves
tuking density and momentum moments of” the I equation
and substituting back into the jon continuity and Poisson’s
cquations. An approximation to the clectric field at a time
(/4 N can then be obtained from

ikl + An

e , :
e tﬂL Zni () = n 0+ kN

(I km,-,u\/ )

[ O AN KNGO N = NIR (DN I} .9

where p = (dmn./3)[dood iy and o, = (473N, RGN
Since we are interested in low-frequeney phenomena. such
as sound waves., Eq.

than «,”".

(9) allows us to use time steps larger

The sound-wave cigenfrequencies are determined by ap-
propriately initializing the dependent variables and monitoring
their temporal evolution over several wave periods. Tn the past.
simulations of this kind (involving the ion FP equationy have
suftered from the occurrence of spurious transients that re-
quired complicated procedures to filter out the correct
cigentrequencies.) This problem appears to be associated with
the fact that the “exact™ perturbed cigenfunctions f; are not
known « priori. Rather than trying to guess f;. a more satisfac-
tory approachis to start with fy=n; = 0and «r; = 1. The variables
then typically converge to the appropriate eigenmodes within
afew sound-wave periods. (An alternative approach based on

cigenvalue analysis has also been proposed by Tracy ef al.™)

SPRING Simulation Results
The code SPRING provides ion-acoustic damping rates
vike, Tor different values of kA, kAjy. Z.and AL where

Ay =302 140m) AN Zet In A
Cl 4 €

/1,) =v /0, 1\ lhc Dehye length, A ds the atomic mass, and
=(Z1,/m, )
LdlLllLllLS an cffective thermal conductivity defined by

*is the isothermal sound speed. The code also
N= —(/I‘I’/i’l"7‘|51’ .where

Yyp = (2717]!1‘/3)-[‘/U f’ﬁ /I
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is the electron heat tlow and
Typ = (4, /N, )J.(/I’([‘J/} oo )

is the temperature. Since we are primarily concerned with
collisional effects, we choose Ay << & 'ralso. for simplicity.
we take A = 27

1. Damping rate y

The first test of SPRING involves neglecting ¢-¢ collisions
altogether. This is equivalent to using the Lorentz plasma
approximation. or high-Z limit, since v, /v, ~ 7. In this
instance Egs. (2)=(8) can be solved analytically by the method
of continued fractions (see Ref. 1), and the results are plotted
as curve  in Fig. 58.11. The code is found to reproduce these
damping rites very accurately throughout the whole range of
kA,;. (In practice. this requires using Z >> 10%)

100 —— I I | T I—
< e _
§ 10 E 5

L d \ ¢ 4
L \ b 1
\\¢

10-2 | L\

10— 10-2 o0 102 Ho
PI224 ﬁl\AU’

Figure 38.11

Plots of the damping rate of ion-acoustic waves y/ke, as functionsof” BkA, .
where ¢, is the isothermal sound speed. & is the perturbation was e number, 4,
is the electron-ion mean free path, and fis a scaling factor (= 0.24,0.68,
0.92 and 1 tor Z = 1. 8. 64, and ==, respectively). Solid curves represent
SPRING simulations with i) Z =1, Z=8. () Z =64, and () Z = e, The

dashed curve refers o the fluid result

To test the accuracy of the numerical implementation of the
e-¢ operators we [irst consider the collisional case (kA,; << 1)
with Z =1, In this limit the Legendre expansion [Eq. (1)] can
be truncated at / = |, and f, approaches a perturbed Maxwell-
ian. Since this is also the fluid limit, a sound-wave dispersion
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relation can be derived using the standard Auid equations
(neglecting viscosity effects) with the Spitzer-Hirm therma
conductivity kgpy = Yol ZIN 0 A, where the Z-dependent.
thermal-conductivity coctlicient is approximately given by
YolZ)=23200024 + Z)/(1+0.247) and  yole) = 128/31.
The resultant dispersion relation (using /dr = ~i@) is found

to be

[ w 2
Lf-’—-] BESE———— (10)

where ris the ratio of the thermal diffusion rate (2/\' hgn /3N,
to the sound transit rate (key) across k71 Since
r=2y0kA (mp Zm, )”2/3. it has been found convenient to
plot Ykc, as a function of BkA,;. where

p= (“\/32)”3 YolZ)/yo(e)

is a scaling factor of order unity. The damping rates based on
Eg. (10) are plotted in Fig. 5811 (dashed curve). SPRING
simulation results are found to be in good agreement with these
as kA, — 0.

Letus now consider the more interesting case of finite Zand
kA,; . The results are shown in Fig. 58,11 (solid curves a—¢) for
Z=1.8.and 64. Starting from the large k4,,; limit. we note that
the dominant collisional contribution comes from ¢-i colli-
sions. [Here. a large number of Legendre modes are necessary
to accurately model the damping (c.g.. typically L = 20 for
PkA,; = 107).] In the intermediate regime of BkA,; ~ 1 we
find the peculiar result that ¢-¢ collisions actually reduce the
damping ratc. The reason for this becomes apparent it we
consider the nature of the clectron collisional process. As
shown by Epperlein er al.! elastic scattering between electrons
and ions gives rise to both sound-wave damping. through
thermal diffusion, and sound-wave “undamping.” through
disruption of the Landau wave-particle interaction. However,
the main collisional contribution between electrons is encrgy
exchange., which acts to drive fj toward a perturbed Maxwell-
ian. Henee. introducing ¢-¢ collisions can actually reduce the
damping rate by bringing it closer to the fluid limit. Since
Vi /Vee ~ Z. this effect is strongest for low-Z plasmas. (Al-
though ¥ does not fall below 5 tor BkA,; > 0.01.0if we
artificially reduce the value of Z. we can eftectively extend the
“fluid limit™ to larger values of k4,; and thereby allow yto be
less than ¥

71



Frrroror Farcrvos Corrisions

Toaesserentent, e-c collistons also affect the amsotropie
parts of the clectron distribution Tunction e fyo /s 00 bor
example, the ¢-c collision terms on the RHS of L. (3) are
respansible tor reducing the thermal conductivity, thus giving

rise to the Z-dependent thermal coefficieat y, i the fluid Tunic,

20 Approximations to the Fohker Planck equition

The e-e colliston operator for £ > 0 (see Appendix) can be
separated into an isotropic part C(FG /) which involves
derivative operations on /. and an anisotropic part CO(E )
which mvolves mtegral operations on £ Sinee the fatter is
more difficultto implement numericallycitis usually neglected
in clectron FP caleulations. Here we investigate the implica-
tions of neglecting hath CY (Fo fy ) and ¢ (Fy 1) tord > 0 and
how we can simulate their effects by appropriately adjusting
the value ol v We also brietly explore the possibility ol using
a generalized cotlision frequency to simulate the contribution

from an infinite Legendre-mode expansion.

The eftfect of neglecting e-e collisions altogether (the so-
cilled Lorentz approximation) has already been demonstrated
in Fig, S8 There we see that apart from the weakly colli-
sional regime A, >> 10 where clectron collisions play
relatively minor role in the sound-wave damping, or the
strongly collisional regime (A, << 10 1) where the ther-
mal diffusion rate is much fess than sound transit rate, itis not
reasonable to negleet e-e collisions for Z < 64, This is espe-
cially true near the maximum value of ke ar BRA,; - 0.002 .
where even for Z = 64 the Lorentz approximation leads (o

large errors.

The first approximation we consider uses isotropic
Rosenbluth potentials only (e setting ¢ = 0). Figure S8.12
shows a comparison of the damping rate (open cireles) with
the more accurate caleulation discussed in the previous
section, We note that the Targest errors occur over the range
10" < kA, < 10" with an overall maximum ol about
104 . Since the relative contribution from ¢-¢ collisions is
most significant for low 7, the worst possible case occurs

with /= [.

The second approximation neglects ¢-¢ collisions alto-
gether for >0 (e setting o= Cro= 0 Tor 1> 00 To oftset
this more drastic approximation we introduce o modificd
collision frequeney vy, = [yo(=)/yo(Z)]v,,. The new factor
Iy(,(m)/y”(/)] AZ 4 A2) /(74 0.24) has the efeetol giving
the correct (SHD thermal conductivity in the co! TR
A plotolthe corresponding damping rate for 27 1 (ihe crosses

i Fig. S812) shows that, once again, the erroes are larger at
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itermediate values ol fSAA,, swith anasnmum of about 107
Asinthe previous cased this low Zexample provides the worst

possible case.

The advantage ol neglecting ¢oe collistons tor /=0 cthrough
the introduction of v s tat Bgs. 09 (5 become algebraie
in- oo allowimge for much Taster numerical sotution ot the

coupled equations.

oo i | | | |

\

!

VAN

1o+ o 1o [ (o
/j/‘/i{/
RERN
Frgure 3812

Plots of the dampimy rde of ion acoustic winves y/he as tunctions of flA,

\ '

forZ T s Fig, S8 Results using isotopie Rosenbluth potentials are

disphaved as open cireles, whereas those using v are displased as crosses

Provided we are only interested in low-frequency winves
[such that @ << v (o) [ we cannow poastep further and use
the techniques of Reft | o reduce Egs. (3 (3) 1o a single
cquation,

oy
o

LALE
m, o

<

ikofy

P,

vof

NI

Hereo v (&) is the Tow-frequeney

\',ﬂ,l Ui (mko/ov,)
generalized collision frequency proposed by Epperlein eral. !
which incorporates the contribution from all Legendie modes
with /> 1. By substituting Fq. T Dyinto Fqg. (2) o we are leftwith
a single differential cquation for fi,. which is casier to solve
than the origimal setof coupled equations. However i diseus
ston of the numerical methods involved is outside the scope of
this article.
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3. Eftective thermal conductivity &

Figure 813 plots () [v/ag ] and (b argea as functions
of BRA, tor Z = 1.8, 64, and = (solid curvesy, The dashed
curve shows the resalts of Hammett and Perkins (for a

collisiontess plasman.

When neglecting e-¢ collisions (Lorentz plasma approsi-
mation). our results agree with the analytic solutions of Ret 1
In the collisional limit (k4,; << 1), we have K= kg, whereas
in the (kA >> 1) we
K=*yp =302/ N.o Ik Isee dashed curve HP in
Fig. 38 13| (The formula for aypp is 1.2 times larger than
the one used by Hammett and Perkins since ours is defined in

collisionless  limit have

terms of the isotropic temperature Tipo) Comparing our results
with those of Chang and Callen® however, we find consider-
able discrepancy in the £4,; << I limit. Although the authors
point out in their paper that they underestimate the thermal
conductivity by a factor of 2.4 for Z = 1. this tuctor actually
risesup te 7.0 for Z>> 1.

Two mechanisms can be identified that reduce the heat
flow below the SH limit. ¢y The first one is caused by a
departure of f;, from the perturbed Maxwelian.'* When the
mean free path ot heat-carrying electrons (with velocities close

()
O - RN
d
10-1 h
¢
d
I (O
Z *
=<
<
N 103 %
0 E
t,
5 bt
) T
P12o

Figure S8.13

Forvecron Drrciros Corpinions

to 3.0 ) becomes greater than o !

then spatial gradient in
configuration space s reduced. Since these refatively
collistonless electrons cannot thermalize instantancousty with
thermal efectron population (as required by thuid theorya, the
heat flow i reduced below gy, The reduction inheat flow s
therefore governed by the balunce between the theemal - diftu-
ston rate and the ¢-¢ thermalization rate fias given by the
collision term in Eq. (2] T the Lorentz plasma approxima-
tion. where ¢-¢ collisions are neglected altogether. there is no
cffective coupling between different electron-energs groups.,
as illustrited by the farge phase shift between gpp and 7ppin
Fig, S8 130h) A seen i Figse S8y and 38.13(h) the
departure from l'ltlin[ theory then becomes significant when
ro~ kA (m; /Zm, )l '

becomes less than the hydrodynamic time. As ¢-¢ collisions

> 1 ke whenthe thermal-diffusion time

are introduced tidentitied by the finite-Z curves). f, is driven
closer o a perturbed Maxwellian and the onset of Kinetic
effects is shifted to farger values of kA, The phase difterence
between gpp and Tip inalso considerably redoced by the
introduction of e-¢ collisions and becomes negligible for
Z =1 |see Fig, SR 13,

Regardless of the ¢-¢ thermalization strength, the electron

heat fTow cannot exceed the “free-streaming.” or collision-

(h)

=20

)

arg(

40

[V 7 SN TS WSS SN S S S S—
10+ 10 2 100 107 10+

PBKA

Py

Plots of tn 1!\'/)\'\”} and (hy argthy as functions of BRA - where kand wgy are the ettective and Spitzer-Hirm thermal conductivitios, respectively . A in

Fig, S8 the solid curves reter o SPRING simulation resiits with o Z = 1o /= 80y Z = 64 and o 7

curve refers to the model of Hammett and Perkins,
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fess, Timit as caleulated by Thammett and Perkins, i
dup - (AR A2 e N fppe, This gives us the second
mechanism tor the reduction of &L with the upper Tt shown
o) '
tdashed curverin Fig, S8 3.

3

by the plot of apyp /gy (N ) (128K A,,)

Otherprocesses canalsoattfect the electron thermal conduc -
tivity. Inverse-bremsstrahlung heating, for example,
preferentially heats low-velocity electrons, which in turn
madities fy and leads to even further reduction of &7 Such a
phenomenon has been recently investigated and shown to have
a significant impact on both filamentation” and stimulated
Brillouin seattering'™ in laser-produced plasmas. The corre-
sponding values of & have been calculated using the
nonlinear FP code SPARKT the following analvtical fit to the
simulation results has been proposed:”

K |
JJ} S e o een . ( |2)

A TR (3()/\/1“}“”l

where A, =nl "‘,[41{.\‘,('1/' “In Al s the clectron delocal-

- ' . 172 .
ization length and = Iy”(/)/y“(m) (AN observed in

Ref. 9, certain care is needed in defining Z for multispecices
ions.) The resulting dashed curve (B) for Z = | is plotted in
Fig. 3814 as a function of kA, Although the original
stimulation results were based onatwo-Legendre-maode expan-
ston Tor the distribution function (i.e., £, = 1), the contribution
from higher-order modes have been investigated by Epperlein
and Shon® [using a generalized collision frequency v of the
tpe discussed in CApproximations o the Fokker-Planck
cquation”™] and found to be negligible,

Here, we are able to cheek on the accuracy of Lig. t12) by
using SPRING with an inverse-bremsstrahlung heating source

ol the typel!©

N

L d(g .,'Z!,o,)
& (ful 7 S

inserted on the right-hand side of Eq. (2), where
1

L [' HVe fan )2]

and axy is the light-wave frequeney. The code is then run until
the distribution function reaches a steady state. In this case,

ion motion does not play asignificant role. The corresponding
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vadues of A7aGy Gilsotor 7 Trhave been calealated for range
ol bRA and displayed as circles in Fig, 3810 AS shown, the
stmple wralvte Ge g (8] can accurtely reproduce the
more accurate SPRING simubation resulis, Tor comparison,
the values of v for an undriven plasma feurnve / Iin

Fig, SKOEAGo ] has also been plotted in g, 3814

ey
ol
B [
7
<
<
H) ! .'»"
“) A -
e S SR WS N DR SN N N S
1+ I 2 1oy 107 104
- BkA,,

Figure S8 14

Plot ol A/agp as a function oft kA Tor 7 < Trasin Fig 3801300 Here the
dashed curve refers to the amadytic formula for Ay Crom Rel 9, and crrcles
represent SPRING simulation results with an inverse bremsstrahlung

heating source.

Summary

The effectof electron collisionality on the damping ol ion-
acoustic waves has been investigated by numerically solving
the clectron FPoand cold-ion-fluid equations. The code
(SPRING) developed for this purpose reproduces the anadyvtic
results previously obtained tor a Lorentz plasma i.e.. without

c-¢ collistons).

The introduction of ¢-¢ collisions shows that the Lorenty
approximation is inadequate near the peak of the damping rate
at kA~ Zmjm, ]]/1. For kA, = (Zm.fm, )I/ Cand 7 < 04,
e-¢ collisions reduce the damping rate below the Lorenty

value. though it stll remains higher than the 3y, and 7

A convenient approximation that involves adjusting the
e-i collision frequency to model the contribution from ¢-¢
collisions tor /> 1 has been found to vield ereors ol up to 104

inthe damping rate. A turther generalization of the ¢ collision

FLE Review, Nolwme SN



frequency that simulates the contribution from all Fegendre

modes with 7> 1 has also been discussed.

Caleulations ot the effective thermal conductivity afor o
Lorentz plasma have shown significant reduction from the
Spitzer-Hiirm value agyy tor A4, > 10 * However. even for
Z as high as 64, ¢-¢ collisions extend the validity of the fluid
approximation for up o A4, ~ 10 S In the limit as
AA,, = . K approaches the value ,‘(2';‘[)“3 N, o, /h pre-
dicted by Hummett and Perkins,

Heating the plasma with a spatially modulated inverse-
bremsstrabhlung heating source. and solving for the steady -state
distribution function, has been shown to further reduce w. The
accuracy o a simple analytic formula previousty derived for
A has been verified forup to k4 ~ 107
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APPENDIX: THE ELECTE " v-£i...CTRON COLLI-
SION OPERATOR

The isotropic and anisotropic parts of the collision operator

. hl
are given by 10

d o
Clol foet :\'.,z‘v——{ A0+ S0 4 g0
e (\/() ,/) I ()I‘L"/ 0 3 (}(’( 2 - I)

and
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S
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22+ 1) ok '

(2

I 432 ,
OV e,

where

.

Vg 5 Y N
e L=t ' no.. ' ot .
Iy = L J dw. ) = - | hm dn

3] ¢

s
and v (@)= 4N (e=/m )T Aot s the velocity -depen-

dent - collision frequency. Here we note that

(.:,‘1'(, la. fo)= ('(”r(f«')a’i»)A
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Particle-in-Cell Code Simulations of the Interaction of
Gaussian Ultrashort Laser Pulses with Targets of Varying
Initial Scale L.engths

Introduction

Since the advent of ultrashort Taser pulses!

there has been
interest in the interaction of such pulses with solid targets.
Several new modes of Laser-plasma interaction at high intensi-
ties (747 > 1010 W/em? ym) have been identified. the most
important being “vacuum heating.”™ which dominates over
resonance absorption when seale lengths are very short. These
new absorption mechanisms, as well as nonlinear resonance
absorption (wave breaking), are usually studied with a PIC
(particle-in-ceth code. In one series of published results from
PIC simulations, the interaction of p-polarized light with a
plasma over a wide range of irradiances and scale lengths is
deseribed.? The range covered in these simulations included
the transition from resonance absorption o vacuum heating.
The simulations were carried out for a constant pulse, and few
details were provided on the behavior of the fields and of the
plasma. Other published results of PIC simutations® have
concentrated on the effect of the radiation pressure on the
motion of the ions at intensities in excess of TOSW/em? pm?.
Above this intensity the interaction enters another regime in
which relativistic etfects become important. We will not deal
with the refativistic regime in this article. Incidentally, Viasoy
codes have also recently been developed to study these nontin-

car absorption mechanisms.?

Here, we present simulations in which a 100-18 Gaussian
pulse interacts with preformed plasmas of varying scale fengths,
These calculations simulate many of the actual experimental
conditions in which laser pulses are preceded by either a long
ASE pulse or a pedestal due to imperteet pulse expansion and
recompression in chirp-pulsed amplification schemes. These
simulations, carried out at an irradiance of 1010 W/em? um?,
near the irradiances reached in many experiments. include ion
motion. A set of simulations was carried out with electron-ion
collisions included. We find that observables like the absorp-
tion fraction, the fast-clectron and fast-ion energy. and the
production of hurmonics depend strongly on the scale length of
the initial profile.

The calculutions were carried out with the Fr2-D relativis-
tic PIC code ECTERPE" Electron scattering due to collisions
with the 1ons s included using a Monte Carlo rotator @t the
end of cach time step.” To treat p-polarized obligue inci-
dence, simulations are done by transtorming to o reference
frame moving in the transverse direction with velocity ©, = ¢
sin#, where 0 is the angle of incidence. t This method sutters
from two limitations: First, it does not model rippling of the
critical surface. which becomes significant above 101
W/em® gm= and Ieads to a more complex angular distribution
of the incident laser light. Second. at farge angles. the mini-
mum density, which transforms as . /o =y Y, ).

where

P

becomes very large. which torces the time step to be very small
and the number of particles 1o be Targe in order to obtain
reasonable results. Most of the runs were done with 50,000
particles and with a mesh size of 300-- 1000 grid points. The
absorption fraction, defined as the internal energy in the
plasma divided by the cumulative input energy. is caleulated
in two wavs: Inthe first way. the internal energy in the plasma
is obtained as the sum of the Kinetic energy over all the parti-
cles minus the initial internal encrgy of the plasma. In the
second way, the internal energy is caleulated by subtracting the
clectromagnetic energy in the box from the time-integrated
Povating vector at the left tinputy boundary. Ideally, these two
methods should yieid the sume absorption fraction.

Transition from Resonance Absorption
to Vacuum Heating

In vacuum heating = the longitudinat electric field does not
penetrate into the plasma because of the steep density gradient

but reachesits maximum vadue in the vacuum near the plasma
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boundary. When electrons penetrate into the vacuvin with the
right timing. they are aceelerated outward by the Targe longi
tudinal electrie ficld. They are then turned around by the
oscillating field and the electrostatic potential and penetrate
into the solid with velocity @ = o where they deposit ther
energy. Vacuum heating becomes the dominant absorption
mechanism when the oscillatory orbit ol the electrons in the
faser tield becomes Targe compared to the seale Tength, This
can oceur for cither very steep density gradient or very hurge
Laser intensity,

We will discuss the transition from resonance absorption to
vacuum heating for the nonrelativistic intensity regime, /A7 <
IO W/em? am?. We are especially interested in finding
“observables” experimental and numerical, that lead to the
definition of'the regime. Experimental observibles include the
absorption fraction. the tast electron spectrum taeduced from
hard < rays. A, emission, and electron spectrometry 1 and the
harmonic emission, Numerical observables include the experi-
mental observables, the electron phase space. the clectron
trajectories. and the longitudinal clectrie field profile. Veloei-
ties are normalized to the veloetty of light. positions to /oy,
and time 1o @y, ' where ay is the laser frequency,

The difference between resonance absorption and vacuum
heating can be readily seen by plotting the electron trajectories
(orbits) for two extreme scale lengths: £/A= Tand L/A=0.001,

(a) Resonance absorption

§ -t
y
7
/ AV
- /\ /A\ AV /y/\ A
\v ’\///\\Vrv* ,/\\/’\ Ia\ o
8L ,,T'A\(/IMA\;Q: ”}\ AVAVA -
0 20 40 6() R0 100)
- Time l(l)A“‘l

Fieure 3X13S

Poavrpcte ox Crre Cong Sive yviions

where A s the Taser wavelenethe T Fig S8 TS 000 m which
are plotted the trajectories ol selected electrons ceveny
1008t near the critical surbace Tor a constant iradianee of
S0 Wem e an mcidentangle of 30 cand L4 Towe
observe the growth ol the electron plasma wave untl wasve
bredaking starts at about 60 oy, FoWave breaking tends to
oceur ina rae lom fashion an the resonance region when
clectron orbits cross, The electron trajectories for vacuum
heating, shown in Fig, SSOSthy, show aovery ditferent hehay -
or. In this case the condittons are o constant irradianee off
FOMS W/ems gm=. an incident angle of 30 and 274~ 0.001,
Starting with the first period of the Laser. and 1or cach succes-
sive period (7= 2m, electrons are pulled out into the vacuuim
and returned to the selid with velocitios near ¢ Interesting
structures can also be observed: the suceessive fong and short
orbits into the vacuum every two faser pertods and the smaller

orbits with a “period™ of one-halt s laser period.

The difference in the longitudinal electric field profile tor
the two cases is shown in Fig, 38,16 along with the electron
density profile. The electrie field shown here, and in all
subsequent graphs.is the oscillating Tield averaged over a
period of the Laser ticld normatized to the incident longitudinal
clectric field. In the resonance absorption case [Fig. 381610
the resonant field at the eritical surtace is large compared to
the incident field and creates a “hole™ in the density profile

due to the ponderomotive foree. In the vacuum heating case,

(h) Vacuum heatine

1.0
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Electron trajectories tor the two regimes: tan resamance absorptions éb vacuum heating. To both cases the Laser s merdent trom the bottome Only o sample of

alb the clectrons is shown. Conditions are G745 = TV W Ao g and - polarized hehtmendentad 30 {72

stattonary wons: thy JA7 - 10N Waoms g and popolartzed light incident a 30744
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Pertod-av eraged oscitlating longiadimal electnie frield and electron density profite for the two cases in Fig, 3813 The electrie hic'dis normalized to the incident

tongitudinal fickd

the ficld does not penetrate into the plasma and displays the
swelling expected near the surface ol a conductor. The peak
value of the field in the vacuum heating case is much lower
than that in the resonance absorption case. As will be dis-
cussed below, this feads to much lower hot-electron energies
for the same irradiance.

The transition tfrom one regime to the other is complex. yet
it is necessary to understand the changes that are occurring
during this transition because many experiments are carried
out under these <onditions. The most straightforward way 10
study this transition is to vary the jon density profile. holding
the irradiance fixed. Inthis way we avoid the added complex-
ity that would arise from changes in such quantities as the
absorption fraction and the clectron maximum energy due to
changes in the irradiance.,

Interaction with Gaussian Pulses

Mosto it not alll PIC simulations are carried out with a
temporal irradiance characterized by arising portion totlowed
by a constant intensity up to some time limited by cither
computer time, by "numerical heating™ duce to the statistical
naturc of the problem. or by numerical instabilities in the code.
These irradiation conditions approximate reasonably well
those at the peak ot pulses with pulse duration larger than tens
of picoseconds: this may not be the case in ultrashort pulse
laserinteractions. With the adventof lasers with pulse duration
of about 100 15, itis now possible with present day computing
power to simulate the interaction of an entire pulse with a
plasma. OfF course. PIC codes cannot simulate realistically
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high-density plasma in which electrons are described by
Thomas-Fermi statistics and ions by short-range interaction.
Atomic physics processes such as ionization and radiation are
not included in PIC codes. although some effortis being made
to include ionization.”

In this section we present the results of the study of the
interaction of @ 100-15 Gaussian pulse (full-width at halt-
maximum) with plasmas of varving initial electron and ion
density scale lengths. The initial scale length is varied in order
to simulate many presentday experiments in which a prepulse
creates a plasma in front of the solid surtace before the arrival
of the main pulse. Simulations with a Gaussian pulse can
modelmore realistically than constant pulses the production of
fastions and the eftect of the temporal variation of the irradi-
ance on the absorption fraction. on the production of fast
clectrons and ions and of harmonics, and on the distortion of
the density profiles due to the ponderomotive force. The
simulations include ion motion and. in some cases., electron-
ion collisions. In the collisionless case the ions have a charge
of unity and a mass of 3600 m,. In the collisional case. the
simulationsare specialized to fully ionized aluminumZ=13)
and a laser wavelength of 620 nm [the wavelength of a CPM
(chirped pulse modulatedy dye laser]. The irradiance is started
and stopped at 1% of the peak power. taken to be 1010 W/em?
pum=. The simulations were carried out at a 30 angle of
incidence and inctuded 30.000 particles.

Four lincar density profiles were used: /A4 = 0.001. 0.01,
0.1, 1.0 The following experimental diagnostics are displaved
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for these four cases: the energy speetrum of the electrons that
entered the solid tthose reaching the high-density boundary .
the energy spectrum ol all the ions at the end of the pulse, and
the cumulative absorption fraction as a function of time. The
cffect of the initial density profile on the electric tield near or
in the plasma and on the 1on density profile at the end of the

pulse will also be discussed.

We first discuss changes in the tongitudinal electric ficld
profile due to variations in the initial scale length. as displayed
in Fig. 58.17. Acthe two extremes, L/A = 0.001 and L/A= 1.0,
the electric field shows the behavior expected from vacuum
heating and resonant absorption respectively, As the scale
length is decreased tfrom 1/A = 100 we observe the gradual
change from the the single resonant peak to the wave swelling
outside the steep plasma profile. Conditions at /A4 = 0.1 are
complex: the resonant field is splitand a resonance at 2 1, can
be observed. At that scale length the resonant peak occurs near
the edge of the plasma: the width of the resonant region is equal
to or larger than the scale length and the orbits of the thermal
electrony in that region can extend into the vacuum. As the
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8 —1—71—T7

L/A =001
T

. O 4 0 7]
<t - 4 .
2 .
2 17
e | Ny | \\
0 1 N S WA 1" S
0.0 05 1.0 1.5 20 0 2 4 6
L/A =01 L/h=1.0
T SR T T T
10 - -
40 -
8 b -
i }() ~ —
= 6 t —
E‘ 1 b ‘ _ 20 -
R ,x /\ /\ 4 10F —
0 A/—M" (IR TAVAVL VA
0 35 1015 20 0 1020 30
Distance ¢/, ) Distance (c/my, )
[TSRERE

Figure 5817

Periad-as eraged osedlating Tongitudinal electric field in the transition from
resongnee absorption to vacuum heating at the peak of the Gaussian pulse
400 @ 1 Laser conditions are 7247 = 1010 Wiem? g and p-polarized
hehtincidentat 30 2 the mitial density profites are lincar, and callisions are

not included.
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gradient steepens to L7A - 0.01 some Tield swelling in the
vacuum iterfaces can now be obseryed along with aresonance
peak at the edge of the plisma and small multi-resonancees in
the overdense plasma, At the steepest eradient the field s

confined o the vacuum and all resonances have disappeared.

The effect of the ponderomotive foree due to the electro-
magnetic ficld on the ion density profile is shownin Fig. 38,18
atatime near the end of the pulse. The dushed ine indicates the
initial density profile. In the shortest scale length case, /4 =
0.001, the pressure from the reflected laser beamis not large
enough to move back the density profile during the pulse
duration. fons below the critical surface have expanded into
the vacuum due 10 two effects: the pressure of the heated
thermal electrons that have expanded into the vacuum and the
clectrostatic potential from clectrons pulled into the vacuum
by the vacuum heating absorption process. At such a short
scale length the density gradient at the eritical surface is not
steepened, but fengthened due to the expansion. The medium-
scale-length cases. L/A = 0.01 and 0.1, show a slight
deformation of the ion density profile. This effect is caused
by the ponderomotive pressure of the resonant field situated at
the edge of the plasma, not by the pressure of the retlected
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Figure 3818
londensity profile at the end of the pulse Tor the conditions i Fig, 3817, The

dashed curve is the ininal densits profile.
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hiehto AU the peak of the pulse the protile steepening is shight
and should not attect the resonant absorption process. At the
end ol the pulse the profile forthe case 174
o /A

long-scale-length case because the resonant ficld is farger than

O was steepened

L0253 Profile moditication s more evident in the

at shorter scale Tengthse At the peak of the pulse o small
platcau iy created. and the local scale length at the eritical
surface is about 0.5 A By the end of the pulse a hole about
0.5 1, deep has been dug into the ton density profile by the

resonant electrie field.

One of observables stronglhy affected by variations in the
scale lengthis the harmonic emission. plotted in Fig. 8819, For
the case L/A = 1 we observe the harmonic emission expected
from resonance absorption: an exponentially decreasing series
of harmonies, For £/4 = 0.1, the harmonic series is very noisy
andiscutoffabove s =2 The case L/A=0.01 is very interesting
in that the emission oceurs at half-harmontes: 3/2 and 5/20we
have found no explanation for this behavior, At the steepest
gradient. very weak harmonics are observed atn = 3 and 4. but
none at o = 2. The low harmonic fe 1 is probuably due to the
low absorption efficiency of the vacuum heating mechanism

at this intensity. At higher intensities the entire range of

harmonies can be observed.
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Froure 3819
Power spectrum of the reflected light tor the conditions i g, SN17. Note

the halt-harmonies produced mothe case 174 = 0,01

The spectra of the electrons that have Teft the computational
box at the high-density end for the Tour cases are shown in
Fig. 58.20. These are clectrons that create observable

bremsstrahlung hard « ravs and K, emission from the solid

S0

target. Fhe mantmun energy of the electrons decreases with
scale Tengthe in agreement with the decreasing peak values of
the electrie held observed an Frgs 387 T0is not straightfor
ward 1o obtain a temperature from the spectra becanse the
clectron distnibution iy not Maxwellian, especially for the
short-scale-length cases, One reason s that vacuum heating
tends to produce beams of electrons rather than a distribution:
the other reason is that the spectracare camulative over o runge
ot intensity, therelore over a range of temperatures, For /A =
0. Land /4 = 1.0, the distributions are nearhy Maxwellian with
tenperatures of 22 keVoand 35 keV respectively. For 174 =
0.001 and /A = 0.01 the slopes of the main body of the
distribution vield 6 keV and 10 ke Ve respectively,
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Figure 38,20
Cumulative distribution of the clectrons entering the solid deaving at the

right-hand-side boundary)y for the conditions in Fig. 58,17,

The ions spectra for the four cases, another experimental
diagnostic. are shown in Fig. 38.21. The spectra contain the
main body of the ion distribution at low energy and the
distribution of the fast ions accelerated by the hot clectrons,
From L/A = 0.001 1o L/A = 0.01, as expected the peak ion
energy inereases with scale length as did the hot-clectron
distribution. The increase is small between /A4 = 0.01 and
L/ = 0.1, and the peak energy is actually lower for L/A = |
than for L/A = 0.1, despite the fact that the fast-clectron
energy increases sharply in that range of scale length, Two
cttects may be responsible for the scaling of the fastest ion
energy: nol enough time to accelerate the ons to their maxi-
mum velocity because of the short pulse duration: the

LLE Review, Volume S8
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accelerating electrostatic potential. given roughly by 7,/1.
where 77, is the hot-clectron temperature. is lower in the fong-

scale-length cases.
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Figure 58.21
Total ion spectrum t the end of the pulse for the cases in Fig. S8.17. The

energetic jons are the fastions accelerated into the vacuum.

The cumulative absorption fraction as a function of time is
plotted in Fig. 58.22 for the four cases. The peak of the pulse
is at 400 ™" In these graphs. the absorption fraction is
defined as the time-integrated Poynting vector at the vacuum
boundary minus the electromagnetic energy in the computing
box. divided by the time-integrated input laser energy at the
vacuum boundary. The “hash™ in the line is due to the time-
varying value of the electromagnetic energy in the box. The
final absorption fraction is low at the short scale lengths tabout
10% ) and increases with scale length as the resonance absorp-
tion regime hecomes dominant. Adding collisions (Z=13) has
little effect on these results: the absorption fraction is slightly

larger carly in the pulse but is slightly lower near the peak of

the pulse because collisions decrease slightly the resonant
field. At this intensity vacuum heating is a very inefficient
absorption process.

The results of the simulations are summarized in Fig. 58.23
where the absorption fraction and the maximum electron and
ion energy arc plotted as a function of the scale lengthi. The

absorption remains very low for L/A < 0.01 and increases for

increasing scale length to the large values associated with
resonance absorption. The electron peak energy scales reughly
as (L/2)"3, except through the vacuum heating range where it
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would be expected to depend only on the laser itensity
through .. These results. and the behavior of the tongitudi-
nal electric tield. point to the existence of thiee regions as
discussed in Ref. 3: the vacuum heating region below 1/4 =
0.01: aregion in which the oscillatory orbit of the clectrons is
about the distance between the eritical surface and the vacuuny/
plasma interface: and o resonance absorption region above
L/A =0.03, where the resonance oceurs inside the plasma and
the oscillating clectrons never reach the vacuum. The second
region is very complex. The resonance structure of the elec-
tric ficld splits for some values of /A0 while harmonic
resonances appear in the overdense plasma. A detailed study
of the clectron orbits shows that the clectrons near the
plasma/vacuum interface cun be accelerated into the vacuum
without undergoing wave breaking. while clectrons slightly
deeper in the plasma. but still in the resonance region, are
accelerated by wave breaking. The different regimes can be
seen as plateaus in the absorption fraction separated by transi-
tion regions. Similar resufts. but slightly shifted to higher
scale lengths, were obtained for an irradiance of 1017
W/em? um: The transition to vacuum heating occurs now
for L/A = 0.03 as compared to L/A = 0.01 for the lower
irradiance case.
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Cumulative absorption fractions for the conditions i Frg SSE7 The “hash”
in the Tine s due to the time-varying value of the electromagnetic energy i
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Figure 58.23
Summary of the results from the simulations of the transition from vacuum
heating to resonant absorption for conditions in Fig. 58.17.

Conclusions

The transition from the resonance absorption regime to the
vacuum heating regime in short-pulse laser-plasma interaction
has been studied using the 1172-D PIC code EUTERPE. Laser
conditions were a 100-fs Gaussian pulse with /A7 = 100
W/em? um? and p-polarized light incident at 30°. The transi-
tion was observed by varying the density scale length over the
range L/A =0.001 10 1.0,

We observed that vacuum heating oceurred for LIA < 0.01,
Thisis a very steep scale fength that can be obtained only with
very short pulses cabout 100 sy in the absence of any prepulse
energy on the target. For 0.3 > 1/A > 0.01 the resonant region
remains at the edge of the plasma. In this transition regime
the behavior of the resonant field becomes complex as the
orbits of the resonant electron extend into the vacuum. For
L/A> (.3, the resonance region moves into the plasma. and the
“classic™ resonance absorption regime is recovered. The peak
resonant longitudinal electrie ficld, the peak electron energy.,
and the absorption fraction increase with increasing scale
length. Harmonic production above the second harmonic
disappears in the transition regime. Adding collisions with
Z =13 has little effect on these results.
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Characterization of Thick Cryogenic Fuel Layers: Compensation
for the Lens Effect Using Convergent Beam Interferometry

Historically, the fuel content and fuel-layer uniformity of
cryogenic targets have been characterized interferometrically
using plane-wave illumination.! © This technique has the sen-
sitivity necessary to detect a deviation from sphericity of the
fuel layer's inside surface as small as a few percent of its total
thickness. In the past at LLE. the targets examined were
typically 250-pum-diam glass capsules with wall thicknesses
of a few micrometers that were filled with enough fuel to
produce a condensed fuel layer fess than 10 gm in thickness.

Future OMEGA Upgrade cryogenic targets will consist of

polymer capsules several tens of micrometers thick with diam-
eters ranging trom 700-1100 pgm. These will be filled with
condensed Dy or DT fuel with a thickness of up to 100 gm.
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Figure 38.24

A capsule with a thick cryogenic layver condensed on its
interior behaves as a strong negative lens, which has several
adverse effects on its interferogram when created with plane-
wave illumination. Computer simulations of typicul
interferograms are shown in Fig. 58.24. The highly divergent
and spherically aberrated wavefront created by the target
cannot be effectively collected and imaged using optics with
convenient numerical apertures, resulting in loss of informa-
tion near the perimeter of the targetUs image. Inaddition. when
this highly curved wavefront interferes with a planar reterence
wavelront. an interferogriom with a fringe spatial frequency
that increases radially to very high values near the perimeter of
the target’s image is produced. Since the phase. and therefore
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Computer-generated interterograms of a 10-gm-thick polystyrene capsule with w diameter of 1120 gm that contins 10O gm ol condensed tuel. These were

created with the assumptions that hoth the objectand reterence beams consisted of planar winvefronts with a SH-nm wavelength and /6 optics were used to

image the target. Al o the sarfaces in Goare perfectly coneentrie with one another. whereas thi displas s a 570 Tuel nonconcentricity. ve.. the center of the

spherical inner surtace of the condensed tuel Tayer has been displaced to the right in the tiguse by 39 of s atal thickness, Obviousty o a 3% nonconcentricity

can be casily detected. but higher-order nonunttormities are much more ditticalt to deteet due to the very ngh trimge frequencys - ncaddinon, mformation

regarding the stite of the fuel near the perimeter of the target’s image his been fost due o retraction of the object heam outside of the imagime opaes” tunte

collection aperture.
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thickness. resolation resulting from the analysis o an nter-
ferogram is inversely proportional to the sumber ol detector
clements per fringe. the phase sensitivity is recuced dramati-
cally when the fringe frequencey approaches the Nyquist it
of the detector. As the fringe frequencey nears the frequencey
of pixels in the CCD array. aliasing occurs and the fringes
become unresolved. Evidence of this is the Moiré patterns
exhibited in the theoretical interferograms of Figo 58.24.
where the fringes are beating with theirarray locations instead
ol CCD detector elements,

There are several requirements of a cryvogenic-target inter-
ferometer that are applicable to OMEGA Upgrade target
experiments. Firsto it should be sensitive to high-order fuel
nonuniformities, not only nonconcentricity of the inner and
outer fuel-layer surfaces. It should also be suitable for @ wide
range of capsule/tucl-laver dimensions. It should be simple to
implement. optically stable. and amenable to computerized
wavelront-measuring technigues (i.c.. phase-shifting interfer-
ometry) o obtain the most accurate quantitative information
possible. Finally. it should be compact and versatile enough
to be adapted to in-situ fuel-layer characterization both in
laboratory and target chamber experiments.

To realize these requirements. an interferometer has been
developed that illuminates the target with a wavefront that is
convergent 1o a point near the target’s rear focal point. thus
causing a nearly planar wavefront to emerge from it. A com-
parison between the emergent wavefront with plane-wave and
convergent-beam illumination is shown in Fig. 58.25. With
convergent-beam illumination. when the transmitted wavefront
interferes with a planar reference wavefront. a low-fringe-

frequencey terferogram ot the target is produced that can be

analy zed with a better phase resolution.

When imaged on avis. the wavelront emerging from the
targetwith plane-wasy e illumination departs from a plane with
o nmajor components: @ diverging spherical element desig-
nated as o Figo 3826 and @ spherical aberration contri-
bution designated as 4y In Fig, 3820, £, s the effective focal
length of the target as measured from the capsule’s equattorial
plane e the v-axis) examples of which are given as a
function ol fuel-laver thickness fora 10-gm-thick polystyrene
capsule in Fig. 58.27. For (#/f,,07 << . where ris the inner
radius of the condensed tuel Laver, vy can be approximated as
parabolic: vy = (17 /2 fig Jv7. while 1y depends on v 1o the
fourth power as va = Wyt The optical system collects
and images this transmitted wavetront and the capsule. Since
the perimeter of the target’s image is normally in focus inan
interferogram. the emergent wavelront is imaged as it pro-

jected buck into the equatorial plane of the target: hence v is

the normalized pupil function and is given by the ratio of the
distance from the center of the target’s image to the inner
radius of the fuel Tayer r. Therefore. it vy is eliminated by
illuminating the target with a wavelront converging to i point
behind it. a distance fi, away from its center. only the spheri-
cally aberrant cumponénl of the transmitted wavelrontremains.,
This tlattens the wavefront emerging from the target. with only
the curvature due to the sphericat aberration term lett. By using
convergent-beam illumination. notonly is more light collected
from regions near the perimeter of the target. but the interfero-
gram consists of fewer rings that are concentrated near the
perimeter of the target's image. decreasing the maximum
fringe frequency to a value well below the Nyvquist limit of the
detector array.

Figure S8.25

An illustration of the wavetront that emerges from a

capsule fitled with i thick condensed fuel ayer when

both planc-wave and convergent beam itlunnmation

Il ot

o

are used.along with hy pothetical interferograms that
are produced when the transmitted wasvetront mter
feres with a plinarrelerence waselront. [t apparent
m o that a refatively small portion of the tnghly
divergent wanvetront can be eftectively callected and
imaged. Howeverom o, not ondy s the transmitied

wanelront Flattened. but the breht surroundimyg the

i

8

capsule canalso be readihy colfected and mmaged
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Frgure 58.26

An illustration of the wavetrontemerging from g cryogenic target when it is
illuminated with a planar wavefront. The emergent wavefront is normally
imaged asif projected back into the equatorial plane of the target. making the
veands lie along @ major diameter of the spherical inner surface of the
condensed tuel laver. The transmitted wavefront contains two mijor compo-
nents: a diverging spherical constituent designated as vy and a spherical
aberration term designated as 1. and figgis the effective focal length of

the target.

The values tor "2/2/;;-1 and Wy, in Fig. 58.28 were caleu-
lated by tracing puruxiul}'n_\'s through a hypothetical cryogenic
target to find its focal length and applying third-order aberra-
tion theory to determine the spherical aberration component.
The values shown are for the emerging wavelront projected
buack into the equatorial plane of the target and denote the
maximum values these quantities take, ie.. tor v = |. The
number of fringes present in an interferogram between the
center of a target’s image and a point along its radius can
readily be determined from Fig, S8.28 by summing v and v,
fora given v and dividing by the wavelength of the light used
to create it For example. a 10-gm-thick polystyrene capsule
with a diameter of 1100 gm containing 100 gum ol condensed
fuel would have 39 fringes between its center and the inside of
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Figure 58.27

The effective focal length fig of eryogenic targets as acfunction of condensed
fuct-layerthickness. A TO-gam-thick polystyrene capsule was assumed tor the
various outside diameters shown. Paraxial rays were traced through hypo-
thetical targets to find their focal fengths, which are measared from their

equatorial plane.

the fuel layer when planar wavefronts with a 0.5-pum wave-
fength are utilized to create its interferogram. Eliminating the
spherical component of the emerging wavefront by itluminat-
ing the same target with a beam of light converging
1o its focal point 6.8 um behind it produces only 13 fringes.
which are mainly concentrated toward the perimeter of the
image. Hence, a greater sensitivity to nonconeentricitics and
higher-order nonuniformities in the fuel layer can be achieved.

The optical system used to create an interferogram of
cryogenic target with convergent-beam illumination is shown
in Fig. 58.29. (The properties of the light sources and compo-
nents of the initial beamsplitting system shown in Fig, 58.30
will be discussed in detail later since their use will become
more apparent following a description of the imaging system.)
The light is delivered to the interferometer using two single-
mode optical tibers, one for the object arm and another for the
reference arm. The optical fibers serve several purposes. They
vibrationally and optically isolate the laser source from the
structural and optical components of the interferometer. In
addition, the optical fiber's flexibility makes relative place-
ment ot the hight source and the interferometer unrestrictive,
Transmitting only the lowest-order mode. the optical fibers

alsoserve tospatially filter the lightemitied by the faser source.
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The values tor #7727 and Wogg for crvogenic trgets as a function of
condensed tael-Tayer ilnckness, Avam o 1O g thick polvstyrene capsule
wars asstumed tor the outside duauneters shown Third-order aberration theory
wastsed todetermime Wogn, Fhe vidues shownare forthe emerging wavetront
projected back mto the equatorial plane of the target and denote the masimam

vadues these quantities takes e tory

CCD array

Beamsplitter

[RERR

Fioure 3820

A sehematic of the optical system used (o create anmterierogram ot g
cryogente target with convergent-beam ilumimanon Phe opties that control
the pomt ol focus ol the comvergent beam and those that unage the target are

shown. The dotted Te denotes the collumated reference beam

The light emerging from the optical fiber in the object arm
is firstcollimated withtens L and is Tocused toa point with /..
All Tenses in the interferometer are achromatic doublets cor-
rected for infinite conjugates. Al imaging takes place close
to the optical axis of the interferometer, so the use ol these
fenses minimizes sphericad aberration. Since the light between
Lpand Ly is collimated, only the position of £y is adjusted to
locate the focus of the convergent beam at the rear focal point

of the eryogenic target.

The trget s maged onto a CCD array by the optical rekay
svstem composed of Tenses Lpand 2o The ratio ol the tocal
lengths of these Tenses. / /750 determines the magmfication of
the imaging systeme In some imstances, the working distance
between the targetand £ Guen fo s required 1o be Targes such
as the case ofmmaging in the ONMEGA Uperade tareet chamber.
For kuge magnifications, the required value of £ may then
exceed the physical dimensions of the space altotied 1o this
target diagnostic. T this case. fy can be made equal to £ and
a microscope objective fens can be used to further image the
intermediate unity-magnitication image of the target onto the
CCD array.

The Tight emerging from the optical fiber in the reference
arm ol the interferometer is cotlimated. and the reference
beam 1s combined with the object beam using o 50/50
beamsplitter. The partially reflective coating on the paratlel-
plate beamsplitter faces £ so that no aberration is introduced
into the objectbeam by passage through a thick plate. Sinee the
reference beam is collimated. its passage through the plate
does not affect the planar reference wavelronts exeept o
displace them laterally with respect to the optical axis of the
collimating lens. The direction of propagation between the
object and reference beams (e the il is controlled by
rotating the reference beam’s collimating lens about an axis
perpendicular toits optical axis. Both the objectand reference
beams have o Gaussian, and therefore nonuniform. intensity
profile upon emerging from the single-mode optical fiber. The
centroid of the intensity distribution of the interferogram
produced on the CCD array can also be positioned by translat-
ing the collimating lens ina direction perpendicular 1o its

optical axis.

As the position of the focal point of Ly is translated fongi-
tudinadly with respect to the target’s position, the irradiance off
the object beam at the target tand its image) varies dramati-
cadly. The individual irradiances of the object and reference
beams at the CCD array must be equal to produce interference
fringes with the maximum possible contrast. Hencee. to obtain
high-contrast interferograms for a wide range of crvogenic
target dimensions, the ratio of the power launched into the two
fibers must be continuously variable. Referring to Fig, 38,30,
this is accomplished using a polarizing beamsplitter in con-

function with hincarly polarized Taser light and o hall~wave

plate that can be rotated about its evlindrical axis. As the half-
wave plate is rotated. the power ratio of the object beam to the

reference beam varies contimuousty between O and 1.

1L Review, Vodume S8
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A schematic of the optical system that divides the source of radiation into the objectand reference beams. Variable wavefrontdivision is possibic using the halt-

wave plate and the polarizing beamsplitter. Polarization-preserving fiber is unnecessary if quarter-wave plates are used to circularty polarize the light launched

into the single-mode optical fibers, thereby reducing the detrimental effects that the variable bending conditions of the fiber have on the interferogranm.

When lincarly polarized light propagates through an opti-
cal fiber that is not polarization preserving, the polarization
direction of the light emerging from the fiber depends on the
bending conditions of the fiber between the source and its
termination. The contrast of an interference pattern also de-
pends onthe relative angle between the polarization directions
of the two beams that produce it. To stabilize the interfero-
gram’s contrast, quarter-wave plates are used to launch
circularly polarized light (with the same handedness) into
cach fiber. Although some ellipticity is introduced into the
light's polarization during propagation through the fiber, the
contrast remains relatively constant as the fibers™ bending
conditions change.

Aninterferogram created with long-coherence-length light
generally contains a significant amount of fow-contrast noise
due to interference between reflections from the various
optical surfaces. To reduce this noise. a source of short-
coherence-length light can be utilized. However, this makes
the alignmentand optical-path balance between the objectand
reference beams more critical. GaAlAs gain-guided laser
diodes operate with numerous longitudinal modes resonating
simultancouslv. producing radiation with a bandwidth of
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several nanometers. This translates to a coherence length of
only a few millimeters. To aid in alignment. the optical system
is first aligned using a long-coherence-length source such as a
He-Ne laser. When the maximum contrast of the interterence
fringes has been obtained by trimming the length of the optical
fibers and adjusting the spacing between the polarizing
beamsplitter and the optical-fiber coupler in the reference
arm. the “flip-in™ mirror in Fig. 58.30 can be removed and the
laser diode becomes the light source. Fine path-length adjust-
ment is accomplished by careful positioning of the optical-
fiber coupler in the reference arm. which is mounted on a
precision slide. A broadband polarizing beamsplitter and lig-
uid-crystal wave plates that have an equal retardance for two
wavelengths” are used so the contrast of the interferogram is
not altered when the light sources are interchanged.

Phase sensitivities of the order of a tew hundredths of
fringe can be achieved using phase-shifting techniques ™ 10
This involves sequentiadly acquiring multiple interferograms,
cach with a known phase offset between them caused by
introducing a slight path-length change in one ol the
interferometer’s arms, The phase ol cach pointin the interfero-
gram. modulo 2 is then obtained by performing simple
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mathematical operations on the set of iterferograms, One
advantage of phase-shifting methods is that the phase resolu-
tion depends primarily on the dynamic range of the CCD array
cand the contrast of the interferogram) and. to a lesser degree,
on the dimensions of individual pisels. as is the case with
fringe-finding techniques.

An clegant method ol introducing a controlled phise step
into one of the interferometer’s arms is to slightly elongate the
optical tiber in that arm. This method introduces a puth-length
change alone and does not affect the tilt between the object
and reference wasetronts, which can often be disturbed when
an optical element such as a mirror or lens s displaced to
introduce the same phase shift. A piczoelectric element to
strieteh the fiber and its associated electronics is commercially
available inasingle. compactunit.'! The deviee is driven with
a 0- 10 10-V signalo which is compatible with typical digital-
to-analog converters. The total phase shift introduced with
respect to the maximum applied voltage can be selected by
varving the total length of the fiber cemented o the piczo-

clectric element.

Typical interferograms produced with both plane-wave and
convergent-beam illumination are shown in Fig. 3831, To
date, a laser diode has not been purchased. although suitable
candidates have been identified. Therefore, both images in
Fig. S8.31 were produced with a He-Ne laser. At this time,
hoth Targe-diameter capsules and the methods to produce
uniform. thick condensed fuel lavers in them remain to be fully
developed. Heneedtests were performed on room-temperature
capsules with effective tocal Tengths comparable 1o those
caleulated tor OMEGA Upgrade-sized capsules containing
thick cryogenic tuel favers. Figure SX8.31¢a) was obtiined by
removing L oand adjusting the half-wave plate to produce
masimum tringe contrast. In Fig. S8.31¢h), Ly was replaced
and its position wis adjusted until the center ot the target's
image was nearly uniform in intensity. Note that the f-number
of L must he chosen to sutficienty overtill the target's image
so that the curvature of the object wavefront passing around

the capsule can be accurately determined. as deseribed below,

The interferogram shown in Fig. S8 3 by isanaly zed inthe
following manner to obtain information about the thickness
and uniformity of the condensed tuel fayer. First the center of
the target’s image s Jocated while blocking the reference
beam. The reference beam is restored. and phase-shifting
techniques are utilized to map the phase of the wanvefront as a
function of position within the image. modulo 27 The phase

of the wavelront is “unwrapped™ so that continuous surfaces

8

representing the winelront inside and outside the tget's
image are obtained. The discontinuiy between the wavefront
transmitted through the capsule and that pissing aroand i
oceurs near the circumterence of the capsules where there isa
substantial step in the object wavetront’s phase and there
nay be a dark arca due o ight being retracted outside the

aperture of £,

The wavetront within the interior ol the capsule is then
fitted toaset of polynomials that are orthonormal over a unit
circle. such as Zernike polynomials. ! The centerand radius
of curvature of the wavefront surrounding the target's mmage
is then determined. Although the background rings should
be made coneentric with the center of the target's image. the
fateral displacement between the centroid of the target's cir-
cumference and the center of curvature of the wavelront
surrounding the target’s image determines the magnitude and
direction of the residual tilt between the object and reterence
warvelronts, The difference in curvature of the wavefronts
transmitted through and passing around the target is used to
determine the thickness of the fuel layer. accounting for the
contribution due to the empty capsule. The coctficients of
the higher-order polynomials reveal the thickness and lateral
dimensions of the nonuniformities present in the condensed

fucl luver.

Although the analysis of the interferogram produced s
significantls more complicated. the interterometer described
above has several advantages overoptical systems that iflami-
nate the target with planar wavelronts, By illuminating the
target with a beam converging 1o its rear focal point. the
wavelfront emerging from the targetis fattened. with only the
curvature due to the spherical aberration termremaining. More
light is collected from regions near the perimeter of the target,
and the interferogram consists of aset of rings that are concen-
trated near the perimeter of the target's image. This enhances
the phase sensitivity, and therefore the sensitivity to thickness
vartations, that can be achieved with a specific CCD array.

In addition, this interferometer incorporates several unique
features. The focation of the convergent beam's focal point can
be continuously adjusted to compensate for o wide range of
capsule/tuel-layer dimensions, Stretching the optical fiber in
the reference arm provides phase-shifting capabilities without
transtating optical components. The use of relatively short-
coherence-length light suppresses interference from spurious
rellections within the optical system. thereby reducing noisein
the interferogram.

1L Revies, Nolune SN
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Actuabinterterograms ota 3.3 gm-thick glass capsute watha diameter ot 270 g Phis capsule has the same tocat fength € S 0mmnas the trgetused togenerate

the interferograms i Fig, S840 however, Woge tor the capsule i these sages isonly 0535 gmoinstead of - 6.5 g tor the comparable eovogeme target The

capsule was lumimated by a He-Ne beam and maged by /35 opties. Incaos £y was removed and the haltwave plate adjusted o produce navimum tringe

contrast. Ly was replaced in ehyand s position was adjusted untit the center of the capsale™s iage was nearly untform momtensits Note the Jow - contrast noise

in cach due to interterence between the retlections from the vartous optical surtices and the relatively Tong coherence length ot the light used
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Compact, Multijoule-Output, Nd:Glass, Large-Aperture
Ring Amplifier

A high-gain, large-aperture ring amplifier (LARA) has been
developed with a 37-mm clear aperture that delivers output
energies of >15 Fina L-ns pulse ata wavelength of 1053 gm.
The compact ring amplitier fits entirely on a4 > 10" table and
is the main component of the OMEGA Upgrade driver line,
The key elements of the ring cavity are a flash-Tamp-pumped.
J0-mm-diam Nd:glass amplitier rod, a telephoto lens vacuum
spatial filter, and a Pockels cell that optically switches the
pulse to be amplified in and out ol the ring cavity.

System Optical Configuration

The standard optical configuration for the LARA amplitier
is shown in Fig. 58,32, A pulse originating from a regenerative
amplifier passes through an apodizer before entering LARA.
The apodizer modifics the beam profile in order to produce a
prescribed near-field intensity distribution atter amplification.
A typical apodizer and its corresponding annular beam are
shown in Fig. 58.33. The apodizer pattern (Fig. 58.33) is one

of carefully shaped teeth protruding into the triansmission
region. The radially varving teeth width determines the radi-
ally varving transmission function. Although this coneept s

not new,!

the taubrication technique used is new. The apo-
dizer is manutactured by depositing o thin, opague fayer of
chrome on one side of a plane-parallel BK7 substrate. The
plane-parallel substrate minimizes pointing changes when
the apodizer is inserted into the beam. Using standard Titho-
graphic techniques. the apodizer is etched into the chrome
faver. The teeth in the apodizer are at high spaaal frequency
and are removed by the spatial filter in LARA Teaving behind
the low-trequency. radial intensity modulation. Difterent
apodizers can be used o produce different beam profiles
atter amplitication in LARA. Annular. flat-topped. and o
variety ol other beam profiles have been produced in this
fushion. After passing through the apodizer, the pulse is
switched into LARA for amplification by retlection off the
input polarizer.

[L.CP

Ao Pockels
Apodizer Apadizet cell A,
image LCP
\\ Pockels a4 Isolation
Ry \ («:cl! stige
/ \ l ]
4 - Tl 2
40-mm ampliticr M h¥A / pyAl
= \ pd Principul —4—
z N ol
= , plane
= Polarizers
™| 4+ Principul
plane
L BN [ I [ BRI { S, |
N | e— R | G / 4
Spatial filter with telephoto lenses
“_,,,, - i - SR B e - ’
i 2750 mm

Figure 58,32

Standard LARA design with apodizer image at the output beam inside the caviny

0

L1 Review, Volume 38




Apodizer

toa™?

The polarization of a pulse inside LARA is controlled by
the combination of two polarizers: a half-wave plate and a
Pockels cell as shown in Fig. $8.32. With the Pockels cell of
s-polarized light enters LARA by reflection off the input
polarizer. The half-wave plate changes the light to p-polariza-
tion. which is transmitted by the output polarizer. After one
round trip, the lightis again changed back to s-polarization by
the halt-wave plate and is reflected out of LARA by the
output polarizer. Under an ideal situation where the polarizers
have infinite contrast between transmitted p-polarized and
reflected s-polarized light. a pulse can travel at most one
round trip betore being reflected out of LARA by one of the
polarizers. This design feature limits the amount of amplified
spontancous emission (ASE) that can build up inside LARA.

If more than one amplitication pass is desired. the Pockels
cell can be pulsed to its half-wave voltage during the first
round trip of an injected pulse. When the pulse passes through
the polarizer section again. it experiences a full-wave rota-
ton from the halt-wave plate and pulsed Pockels cell and is
transmitted by the output polarizer. After the pulse passes the

Pockels cell for a final round trip. the Pockels cell is turned

off. and the pulse is subseqguently retlected out of LARA off

the output polarizer. In this Fashion. multiple round trips in
LARA can be made by turning the Pockels cell on for mulu-
ples of the round-trip cavity time (22 ny). For example, four
round trips occur when the Pockels cellis turned on for 66 ns.

Polarization control is also used for purposes other than
containing the pulse in the LARA cavity. The addition of two
quarter-wanve plates, S8.A2,

as shown in Fig, changes
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p-polarized lightto cireutar polarization while passing through
the amplitier rod and spatial filter, The effects of radial bire-
fringence are mitigated by passing circularly polarized light
through the amplifier rod. Also. backretlected beams from
near-normal surfaces in the cavity such as the spatial filter
lenses are rellected out of LARA from the polarizers because
of a half-wav ¢ rotation trom double passing the quarter-wase
plates. This prevents damage due to- ghost reflections by
directing the ghost energy out of LARA betore it is amphified.

A vacuum spatial fitter with telephoto Tenses s placed
inside LARA 1o provide 111 imaging in the canvity., provide
spatial beam cleanup after cach amplification pass. increase
the threshold for “self-lasing™ ot the cavits. and cancel odd-
arder wavetrontaberrations tor an even number ot round trips,
Aty pical ring cav ity design with ErLimaging woubduse atwo-
lens relay, with one lens at cach principal plane in g, 38.32
and focal fengths cqual o one-tfourth of the round trip cavity
distance. At the high energies of LARAL o vacuum relay s
required to eliminate breakdown at the focus of the lenses, For
a LD imaged cavity the principal planes must hie in opposing
legs of the ving and cause ditficulties in the design obavacuum
relay. Theretore arelay with telephoto lenses is placed in one
leg of the ring. The eftective focal length of the telephoto fenses
is equal o one-fourth the cavity round-trip distance. but the
principal planes are displaced from the fens positions attowing
the relay o lie in one feg of the ring.

Spatial amplitude noise from cach amplification pass s

filtered by placing a pinhole at the tocus of the vacuum relay.
The pinhole also reduces ASE in LARA Dy Tinnting the range

O]
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ol pointing angles that can propagate inside TLARAL Sinee the
spatial filter causes an image inversion when triversed. odd-
order aberrations in LARAL such as coma, will be eliminated
provided an even number of round trips are made.

After amplitication, the pulse is switched out oF AR A by
reflection ot the output polarizer and passes through a quarter-
was e plate and an isolation stage. The isolation stage consists
of two ligquid erystal polarizers tLCPY of opposite handedness
surrounding a Pockels cell, The isolation stage s used to
improve the contrast between the amplified pulse oat of
LARA and any pre- or post-pulses. The isolation stage also
protects LARA trom light propagating back through the

isolation stage.

One of the drawbacks of the present LARA design
(Fig. SRA321 s the L1 imaging of the cavity that places the
image of the input apodizer inside LARA. AL times, space
constraints do not allow for proper image relaving of the
apodizer through the output of LARAL An alternative LARA
design that overcomes this difficulty is shown in Fig. 58.34.
Here. the image of the apodizer in the output beam falls
outside the LARA cavity, which simplifies image relay into
the rest of the amplifier chain.

Apadizer

Apodizer
. f —
image

tf

Pockels

cell N

400 mm

e Principil
plane

System Characterization

Several teatures of the EARN amphifier are mvestigated:
holdoft, gain versus bank eneres, near hield, iterferometry,
and prepulse contrast, Unless otherwise stated, the results
presemted are for a four-pass TARA i the configuration
shown in Figo 38320 Sinee the amphifving medium i the
LARA cavity s a tTash-tamp-pumped. H-mm-diam Nd:glass
amphticr rod. o manimum repetition rate ol one shat per

S minis used for ssstem characterization.

The holdoft voltage of the ring amplifier cavity s defined
as the voltuge to which the amplificr can be fired betore self-
lasing of the ring vecurs, Self-fasing of the ring occurs when
the round trip gain for ASE exceeds the round-trip losses with
the Pockels cell in the “oft™ state. Below the selt-lasing
threshold. any ASE traveling around the ring can accumulate
only over one round trip before being reflected from the cavity.
The self-lasing threshold is primarily determined by the prac-
tical limitations set by the finite contrast of the polarizers and
the Pockels cell as well as nonideal wave plates, the stze of
the spatial filter pinhole, and the birelringence of optical
components between the input and output polarizers. Sinee
there are more optical components between the polarizers in
the cavity contiguration in Fig. 3834 a lower self-lasing
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stage
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N
}\/4 ///
7 Principal s
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Alternative EAR A design swath apodizer image of the output beam outside the cavity
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threshold or holdoft voltage is both expected and observed.
Holdo!t voltages as high as 6.4 KVO with o corresponding
single-passosmall-signat gainof G 19 have been measured
for the cavity i Fig, S8.320 while holdoft voltages for
Fig., 3834 wre around 6.0 KV (G -
bandwidth of Nd:ghass™ is ~200 A, the optical elements of the
LARA cavity must not provide only for high contrast at the
LOS3-gm amplification wavelength, but also for wavelengths
o citherside. Thus, we observed a higher selt-lasing threshold

161, Since the gain

for zero-order wave plates than for multiple-order wave
plates. Itshould also be Keptin mind that incorrectly set wave
plates in the cavity can result in catastrophic self-lasing with
resulting damage to optical components,

The onsetof self-lasing is casily dingnosed with the fluores-
cence traces from the amplifier rod. Figure 5835 shows
photodiode-recorded fluoreseence traces of & LARA under
normal operating and under self-lasing conditions without
pulse injection. Selt-lasing manifests itselt in the familiar
spikes superimposed on a usually smooth fluorescence trace.
More dramatic self-lasing can be detected by placing burn
paper outside of LARA facing the input and output polarizers.

2 ﬁ( y T SISt S e T YT v'*—**""—'—l
200 r[- Self-lasing
= IS0 ]
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= 4
3 b .
= Jok Hold-oft ]
z 1
S0
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0 100 200 300 400 S00
I Time cms)

Figure 3838
Fhe fluorescence traces trom a EARA amphticr exbibiing selt-Lasing top

tracer and under normal hold-oft conditions thottom traces
The total small-signal o2in of the LARA system as a
function of flash-lamp bank encrgy for three and four round
trips is shown in Fig. 58.36. With four round trips. total gains
ot 210% have been achieved at bank energies of 6 KV without
noticeable degradation in beam quality. Figure 38.37 shows
the output beam profile for a full-aperture. 13.7-J EARA shot
with 140- input energy. The azimuthally averaged lincout
shows the 37-mm beam diaometer with an intensity distribution
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Near fictd of P37 1 shot from LARA with azimuthally averaged hacout

peaked at the edges of the beam due to the radiad gain in the
40-mm amplitier rod. The peaked edges were expected be-
cause the apodizer used with this test was not designed to
produce a Mlattop heam at total small-signal gains of 103, An
appropriately designed apodizer can casily produce a flattop
profile at this energy.

The wanetront quality of EARA at tull aperture and high
energy has been investigated with o seff-reterencing Mach-
Zehnder interferometer.
interferogram of the EARA output at 17.8 1 The background

Figure S8.38 shows a reduced

phase error of the interferometer error is removed from the
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measurement using a separately recorded wavetront of the
input beam without passing through LARAL The peak-to-
valley wavetront distortion of an amplitied tull-aperture beam
after four round trips is approximately I wave (see Fig. 38.37).
Half of this wavefront distortion is directly attributable 1o the
LARA Pockels celll In the OMEGA Upgrade driver-line
application, the aperture diameter is 20 mm and the corre-
sponding peak-to-valley wavetront distortion is a very

satisfactory ~0.25 waves.

GDL. Shot #1067

- 2 —
37 mm

[IGRI

Figure 38,38

Interferogram ol 17.8-F shot from LARA tinterferometer error subtracted):
peak-to-valley wavefront error = 097020 138 waves, rms error =
0.255+0.307 wianes.

One interesting characteristic of LARA s its “first-shot
syindrome.” which manifests itself as a degradation of wave-
front quality for the first shot of the day. Figure 58.39 shows
the peak-to-valley wavefront error over a 37-mm aperture
obtained for a series of shots on a typical day. The peak-to-
valley wavetront quality of the first shot of the day with a
“cold™ amplifier rod is shown by the circle in Fig. §8.39. The
series of data points below this cirele shows areduced peak-to-
valley distortion for all subsequent shots taken at various
intervals between 7 and 20 min. There is a 20.5-wave peak-to-
valley reduction from the firstshot of the day to all subsequent
shots, The first-shot syndrome™ is not well understood. but
similar observations have been made previously on the
24-beam OMEGA system. As a practical precaution., the first
shot of the day for LARA will not be allowed to propagate
down the main amplifier chains of the OMEGA Upgrade.

For the OMEGA Upgrade. the required prepulse energy

contrast on target is >10%, which translates o a prepulse
contrast for LARA of >107, Prepulses on the LARA output

94

are due to leakage of a small pereentage ot the circulating
pulse within LARA during cach round teip. Without firing the
LARA amplifier, the measured prepulse contrast is ~4 10,
Under amplified conditions the prepulse contrast is enhanced
(multiplicdy by the single-pass small-signal gain of the
LARA amplifier aypically G~ 101 sinee the prepulse is due
to the circulating main pulse during the next-to-last round trip
inside LARA. Thus. the LARA prepulse contrast is >4 x 107,
which is well within the OMEGA Upgrade requirements,

2() N AR T A I I A N D R L T AU A S IO L AL

First shot ol the day
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Figure 38,39

The peak-to-valles winetfront quality of LARA output at tull aperture tor the
first shot of the day ceireler and subsequent exeled shots tdiamonds).

Conclusions

A high-gain, large-aperture ring amplifier (LARA) has
been developed with a 37-mm clear aperture that delivers
output energies of >15 Jin a I-ns pulse at a wavelength of
1.053 yum. The compact ring amplifier fitsentirely ona 4 x 10
table and is the main component of the OMEGA Upgrade
driver. The key clements of the ring cavity are a tlash-lamp-
pumped. 40-mm Nd:glass amplifier rod. a telephoto lens
vacuum spatial filter, and a Pockels cell that injects the input
pulse and ejects the output pulse from the ring cavity,
LARA produces a high-energy output beam with excellent
wave-front quality and near-field beam profile. LARA output
heam profiles can be tailored by an input apodizer. At full
aperture (37 mmb. a four-pass LARA introduces ~1-wave
peak-to-valley distortion on the wavefront quality of the
beam. At the 20-mm aperture used by the OMEGA Upgrade,
the peak-to-valley distortion is only ~0.25 waves. Excluding
the first LARA shot of cach day. a consistent wavefront
quality is maintained for all shots. The prepulse contrast of
LARA output is typically >10%, which mects the OMEGA

Uipgrade specitications.
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