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Laser produced plasmas: producing X-rays (lithography, contact microscopy),
hydrodynamic experiments, |CF, calibration.

Experiments on Novathat uselaser produced plasmas to generate X-rays capable of back
lighting dense, cold plasmas (density = 1to3gmcm-3, T = 5to 10 eV, area density r =
0.01 to 0.05 g/cm?). X-raysused vary from 80 eV to 9 keV. Allows probing of plasmas
relevant to hydrodynamic experiments. Typical diagnostics are 100 ps pinhole framing
camera and time integrated CCD camera for short pulse back lighter.

Facilities available

OMEGA

(University of Rochester) A 60 beam glass laser for direct drive. Will require 1 mm
diameter targets.

NIKE

(NRL) A KrFl laser for direct drive.

NIF

(LLNL) A glasslaser with 1.8 MJ at third harmonic. The hohlraum is heated to about 300
eV. Theradiusof the central ignition hot spot is intended to be 1/36 of the original pellet
radius. The hohlraum design has ry/rp = 2.5 at the equator. Targets will be about 2 mm
diameter.

The fuel can beasolid or liquid D-T layer about 100 mm on the inside surface of the pellet.
NOVA

(LLNL) The convergenceis currently 25, plastic shell thickness 30 mm, pulse width 1 ns.
D2 filled multiple layer shells used, about 0.5 mm diameter.

TRIDENT

(LANL) A frequency doubled Nd glass driver (527 nm), 2 beams of up to 250 J each, for
pulses of typically 80to 2,000 ps. (50 Jfor a 100 ps pulse, 250 J for a 1 to 2 ns pulse).
The minimum spot sizeis< 100 nm.
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Spectra

Haardy-on Baaie

Absolutely calibrated crystal spectrometers and X-ray diodes used to measure properties of
the back lighters. Generated with incident laser radiation of 10x1014 Wem-2 of 0.53 nm

(green) light for 1 to 2 ns onto solid planar targets.
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Need to smooth the laser beam. Use random phase plate rpp. Phase errors across
the beam diameter result in large uncontrolled intensity variations. However laser beam
can be divided into a large number of overlapping beamlets whose diffraction size is
matched to a target. This overlap eliminates large scale spatial non uniformities at the
expense of small scale interference (speckles) between the beamlets. One approach to
smoothing is to introduce an RPP at the output. This has a large number of elements each
of which has a phase shift of 0 or p relativeto adjacent elements. The pattern of phase
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shifts is distributed in a quasi random manner over the surface of the plate. In addition
temporal incoherence is added, then the small scale pattern moves around, resulting in a
time asymptotic pattern of uniform intensity.

F.IIHI.L'I.'E 2, 1—::.3; 'i.'I!I'II.ElEl- af lager F:ndm:e:l Fl:rm.a: from uranium used for K=Tay l!IEEEiE_I'IHIIE. The i.l:rl:;EE o the
left was produced by a beam without a random phase plate (RPF); structure in the laser beam reproduces in
the x-ray spot. The image on the right used a EFP.

Large area back lighters.

Typicaly use Sc, Ti, Fe, filtered with the same element at the diagnostic to select the He-a
line. A monochromatic spectrum is best, but a single line is not necessary. e.g. back lit
implosion. Study Rayleigh Taylor (RT) instability, and its effects on fuel temperature,
convergence, neutron yield, use dopants in ablated pusher to maintain high areal density.
(dopant prevents energetic x-raysin the drive from depositing in the pusher). The pusher
areal density is an important parameter. It is determined by the attenuation of the back
lighter x-ray flux and compared with simulations. Witness ball: replace real target with
low density ball, in which asymmetry effects are more noted. (exaggerates shock
asymmetries)
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Typical set up

capsule (50 um walls,

400 pm diameter

diagnostic

‘ 2.5 mm |

Ti backlighter foill

line-of-sight 650 pm diagnostic hole100% LEH

Figure 3. Expérimental setup and typical
Pusher may be seen as a lighter ring (lowe

images &m haf:]-r.i:it implosion and witness ball experiments. The
f transmission) in the left hand image; in the image o the right

lighter ring is also visible but in this case it is due to the shock compression of the solid witness ball material.

The 4.7 ke'V Ti Her backlighter is essenti

Te &

Rayleigh Taylor experiments

ally unattenuated by the ablated material surroanding the capsule.

Observable is modulation in transmission of alarge area back lighter which corresponds to
modulationsin optical depth of afoil. Asthe opacity of the foil is constant to keV x-rays,
the modulation represents areal density modulations. The modulation arises from
sinusoidal ripples present on the surface. The foil is accelerated by the ablation and the
ablation surface is RT unstable. The modulations are expected to grow exponentialy,
become nonlinear, and saturate. Foil can be direct or indirect drive accelerated. Use
prefilter (12 mm Be) to stop X-raysbelow 1 keV.
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Rayleigh-Taylor instability experiment with
w-ray-driven - mplosion. a; The experimenta
setup, Sinusoidal thickness variations an the
foil seed thie R-T instability. e Owne-
dimensianal, contmuusly fime-resalved data
¢ Difference in logantha of exposure
Between the thin and thick segions of a planar
target driven by ® rays. Fourier
decomposition of the data lsolid lnes] shows
modulations up i the feurth harmonic, Initkel
perthation amglinude (peak to peak! and
wavelength are 21 um nd 100 pm,
respociively, Dashed lines shisw pastax
sirnailation sesults,  Figure 5

Another example, showing modulation at the 30 mm fundamental. Structures

running perpendicular to imposed perturbations are due to laser drive.

Back lighter

illuminates lower part of foil in first frame, progressing downward until last frame it
illuminates upper part. Thisisan effect of parallax astheimages are formed by lower and
lower pinholes in the array. Hence back lighter must be large enough to overfill the area
that must be illuminated when gated mcp cameras are the diagnostic.
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Figure 6. Experimental setup for direct-drive planar Rayleigh-Taylos experiments. The images are (left

right and lop to bottom) at t=1.0, 1.5, 2.0, and L5 ns after the start of th’f!' drive laser pulse. The size of e:
image is 700 pm. The initial wavelength was 30 jpm and the initial amplitude 0,25 pm.

Supernova

RT is important in larger scale experiments - supernovae. These have strong density
gradients and can be RT unstable. In the nonlinear regime (amplitude > wavelength) the
amplitude grows at terminal bubble velocity

u=0.36/g

gisacceleration of interface, | iswavelength. Suggests a characteristic time scale

t=—» |—

u g
Now transform from supernovato lab, so that

| o =2
O = 01
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then
te :\/gtlab

e.g. atype Il 25 Mg, SUpernova, then spatial scale is 1010 cm, acceleration is 103 cm-2,
timescaleis 104 s. For lab experiment scaleis 104 cm, so a; = 1014, The acceleration is
1014 cm-2, so ap = 10-1L. Therefore the time scale in the lab should be 104/(1025)12 e,
about 1 ns. Other parameters which would not sale (density, temperature, mode number,
perturbation amplitude/wavelength, are very smilar.

So you might mimic a supernova with a laser driven implosion. Need strong density
gradients: use copper foil pushing aplastic layer.

Point back lighters

Use a laser produced plasma which is very small. The spatial extent of the point back
lighter determines the spatial resolution. Advantages: high laser light intensity at focus
means 1016 Wem-2 and then 10 keV x-rays. uniform illumination, resolution with a fiber
asthetarget is comparable to pinhole camera. But source size increases with time.

Figure 11. Point backlighter gecmetry and image of a resolution grid. The backlighter was a round Zn fiber 15
wm in diameter, the pulse duration was 100 ps and the magnification was 15.
Rayleigh Taylor instability

Equilibrium

Np=j  B-rNf
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use Maxwell with E constant intimesothat N* B =m,j :
. N ~ 2 ~
Np=j  B-rNf BB R Bk
m 2my

B - NB tension term from curvature disappears for straight systems. the NB2 term
represents stresses due to mutual repulsion of lines of force. equivalent to pressure.

Potential energy of plasmais

BZ
—(f—+ p+rf—dV

volume V includes any vacuum region, f is gravitational potential. Without any
dissipation the total energy is conserved (i.e. sum of W and any kinetic energy).

Let an equilibrium system be perturbed by a displacement x, afunction of theinitial
position. To first order in x the change W = 0, since this is the definition of an
equilibrium. The stability is determined by the sign of W(x,x), the value of W keeping
terms of order x2. If W(x,X) is positive the KE cannot exceed the initial value W and the
perturbation cannot grow. If W(x,x) is negative, |TW| and the KE can grow together as
X2 increases, and we are unstable. More quantitatively

asix g’
O"Edtgdv +W(x,x) =0

now let X 1 exp(-iwt)
> _ ‘HW(X x)
—- d x2d

w

Thusif W is negative, w isimaginary, and the perturbation grows.

Changes to potentia energy TW from three terms, W at the interface, TW, from
deformations withinthe plasma, and YWy, the change in magnetic energy in any vacuum
regions.

Consider fW s at an interface between plasma and vacuum. The plasma pressure
changes discontinuously across the surface S, parallel to the lines of force.. Let x,, be the
perturbation normal to the surface. The force F per unit area across the interface which is
proportional to xn. The total work done on the fluid in the course of moving Xy, is
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1.
W=~ ¢, - Fx)is

In equilibrium the total pressure acrossthe interfaceis

2
+ —_—
Y om

As Xp increases, the pressure on the two sides of S changes in different ways, since
Nn(p+BZ/(2n},)) is different n the two sides. F(xp) is the product of x, times this
increase in gradient as the surface is crossed in the direction of increasing Xnp:

dw, = Cy(n<~ p+—-/

where <...> means the change in some quantity.

When the direction of B is everywhere the same, an instability arises if the plasma
is supported by a magnetic field against the gravitational force rg per cm3, or if the
magnetic field is accelerating the plasma against the equivalent reaction force, -r dv/dt. For
the case of sharp interfaces, with different densities and field strengths, we can obtain the
growth rate. The equilibrium equation is (see first equation, keep gravitational terms, no
currents)

d& B?0
—Sp+—"=-rg
dxe 2me

The gravitationa forceis included: the acceleration g is directed in increasing x. Now the
equation for the change in energy across the surface becomes

dV\é___ r./QC)(n

Thisisnegativeif density of upper layer exceedsthat of lower layer. If positive X is taken
in direction of g, then - sign in above two equations go to plus, but definition of <r >
means this also changes sign, so we are left again with W s negative.

Choose x constant along lines of force, then no change in magnetic energy - they
move asrigid rods.

Must consider change in potential energy resulting from deformations within the
plasma. These will be negligible as long as wavelength is small compared to scale height
r/gradr . Therefore W is negative if a dense plasma is supported by a lighter plasma
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against gravity, provided direction of B is uniform. Same is true if a lighter plasma
accelerates a denser plasma by pushing it.

Unstable perturbation leads to flutes parallel to the lines of force. suppose

Ae™*sin(ky)
Ae"* coq ky)

XX

y =

+
=0

with minus above interface, plus below. Then

where{r} isjumpinr, T isaverage acrossthe surface.
Femto-second laser produced plasmas

High intensity short pulse lasers produce ultra short x-ray pulses. 1981: 1 ns CO laser at
kJlevel showed that potential at focus produced superhot e ectrons which when incident on
solid target produced bremsstrahlung  In 1992 Kmetec reported similar results with 125 fs
40 m, 5 Hz pulse. Laser pulse absorption and x-ray conversion efficiency are determined
by wavelength of laser, irradience, polarization, angle of incidence. These govern the
temporal behavior and spatial gradients of plasma electron temperature and density and
gradients. Solid targets absorb laser power over a skin depth (100A, and in heated region
Te about 100 to 1000 €V. Thermal X-rays about 1 keV and above are produced. . Strong
gradient and high density means that rapid quenching of x-rays occur by thermal
conduction into underlying cold material and hydrodynamic expansion. Besidescollisional
absorption, resonance and non- collisional absorption matter. These nonlinear processes
give bremsstrahlung radiation and Ka from target.

p11.11



