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Abstract 

For the characterization of inertial confinement fusion plasmas we implemented a 

high-energy 4w probe laser at the Nova laser facility. A total energy of > 50 Joules 

at 4w, a focal spot size of order 100 pm, and a pointing accuracy of 100 pm was 

demonstrated for target shots. This laser provides intensities of up to 3 x 1014W 

cmF2 and therefore fulfills high-power requirements for laser-plasma interaction ex- 

periments. The 40 probe laser is now routinely used for Thomson scattering. Suc- 

cessful experiments were performed in gas-filled hohlraums at electron densities of 

n e > 2 X 102km- 3 which represents the highest density plasma so far being diagnosed 

with Thomson scattering. 

PACS numbers: 42.60 Jf, 42.60 Lh, 52.25 Qt, 52.30 q, 52.35 Fp 



The understanding of laser-plasma interactions is an important research area for laser- 

driven inertial confinement fusion (ICF). In present ignition target designs, the laser beams 

traverse large-scale length, high-density plasmas1 where they are absorbed but also encounter 

losses due to stimulated Brillouin and stimulated Raman scattering2. These processes are 

sensitive to the plasma conditions such as electron temperature3v4 and density as well as 

to ion wave damping 5,6 These parameters determine the threshold, gain, and saturation . 

of the instability and, therefore, the amount of laser energy lost by stimulated scattering 

processes. At the Nova laser facility, we have developed Thomson scattering to measure 

these quantities since Thomson scattering is known as an accurate diagnostic method7-l2 

for temporally and spatially resolved measurements of plasma parameters. 

The Thomson scattering techniques relies on a high-power probe laser which is focused 

into the plasma. The laser light is scattered by the electrons of the plasma giving the desired 

information when analyzed with a spectrometer. The Thomson scattering cross section is 

remarkable small (oh = 0.665 x 1024cm-2) so that a high-power laser is a necessary tool 

to apply this diagnostic7. In addition, the long-scale length plasmas produced in inertial 

confinement fusion research are typically high density plasmas with electron densities of 

% N 1021cmS3. In this regime, absorption of optically laser light with wavelengths of 

350 < Xs < 800 nm becomes important. Furthermore, dispersion of optical light is non- 

negligible at high densities so that the phase and the group velocity of the light wave are 

affected. In order to reduce both effects, absorption of the probe laser and dispersion of the 

light wave, a short wavelength laser is desirable. 

For these reasons, we have implemented a high-energy, high-power 4w probe laser at 

the Nova laser facility. This capability is particularly interesting to understand the plasma 

conditions in closed-geometry hohlraums used to indirectly drive the implosion of a spherical 

fusion capsule. Thomson scattering in hohlraums is presently being applied to measure 

the plasma conditions in terms of electron and ion temperatures as well as macroscopic 

plasma flow13. It is important as a diagnostic of stagnation in these hohlraums and to 

benchmark radiation-hydrodynamic computer codes14f15 which are routinely used to design 
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future ignition experiments. In this paper we give a detailed description of the 4w probe 

laser and focus on the properties which are critical for successful target physics experiments. 

The presently used 4w capability has a large number of advantages over the earlier 2w 

experiments . 16*13 Besides the reduced absorption and dispersion (which caused uncertainties 

of N 10 % in the electron temperature measurements in Ref.13) of the probe laser in the 

plasma, we observe less stray light from hohlraum plasmas. Furthermore, stimulated Raman 

side scattering from the 3w Nova beams which can be much more intense than Thomson 

scattered light in open-geometry ICF experiments is not existent at 4w. For these reasons, 

experiments are now feasible in large scale-length plasmas and in plasma regions which are 

directly heated by the Nova laser beams. Thomson scattering experiments with this probe 

lead to successful temperature measurements in gas-filled hohlraums. Measurements were 

performed from methane-filled (CH4) and neopentane-filled (C&iz) hohlraums. The latter 

provided a large scale-length (1 mm), high density (1021cm-3) plasma through which the 

probe laser passed to reach the scattering volume on axis. Thomson scattering was observed 

at an electron density of n2, M 2 x 1021cmV3, the highest density plasma so far being diagnosed 

by Thomson scattering. 

The 4w probe laser (operating wavelength: As = 263.3 nm) was implemented at the 30- 

kJ Nova laser facility17 so that it can be used on every target shot. The Nova laser is a Nd: 

glass laser operating at 1.055 pm (lw) w IC h’ h can be frequency converted to 2w (A = 527 nm) 

or 3w (A = 351 nm) with potassium dihydrogen phosphate (KDP) crystal mounted at the 

target chamber. For the 4w beam line, the central unused part of one Nova beam (beam 8) 

was separated out between the main amplifier chain, which has an output frequency of lw, 

and the frequency converting crystals, and redirected to a separate dedicated port of the 

Nova target chamber. Figure 1 shows a schematic of the beam path. It consists of a total 

of 12 mirrors with 4 of them forming a timing trombone, two KDP crystals for frequency 

conversion from lw to 4w, a focusing lens and a debris shield which is also used as a vacuum 

window. 

Figure 2 shows a picture of the first pick-off mirror and a near field image with the split 
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between the two 46-cm amplifiers and the boundaries of the pick-off mirror. The vertical 
I 

disk split is about 6 cm wide and is necessary to mount the 46 cm amplifier glass. The 

diameter of the pick-off mirror is 15.2 cm and mounted such that the normal of the mirror 

is at an angle of 12” to the beam path. The disk split is roughly through the center of the 

mirror reducing the effective area of the probe beam to 72 cm2 which is a fraction of 2.3 % 

of the total area of Beam 8 (3,200 cm2). After the first pick-off mirror, a maximum energy 

of 310 J at lw (1.053 pm) was measured in a 2 ns long square laser pulse of 10,000 J (lw) 

by using a full-aperture 23 cm calorimeter. This is the expected result based on the area of 

the pick-off mirror. Eleven mirrors are used to relay the beam to the Nova target chamber 

where it is frequency converted and focussed on target (Fig. 1). These mirrors are coated 

with halfnia/silica and each mirror has a measured reflectivity of 97 % at lw. Four out of 

the eleven mirrors are used for a timing trombone which is necessary to vary the relative 

timing between the 4w probe beam and the Nova laser beams. A range of f25 ns relative 

to Beam 8 is possible. 

This setup results in a laser beam with a maximummeasured energy of 220 J at lw before 

the frequency converting crystals. We use two KDP crystals, a type II doubler and a type 

I quadrupler, (area: 15 cm2, thickness: 18 mm for the doubler, 8 mm for the quadrupler) 

to convert the beam to 4w. After the KDP crystals, a 20 cm diameter fused silica lens 

focuses the beam through a 1.9 cm thick debris shield, which is also used as the vacuum 

barrier, onto the target (f/16.6 with a beam diameter of 15 cm). These optics are made of 

Excimer grade fused silica (cornins 7980, grade A, ‘0’) to survive the high fluence level at 

4w. After about 100 full energy 4w laser shots, no damage was seen on the lens at intensities 

of N 0.3 GW/cm 2. Damage to the debris shield occurred because of target debris. 

To measure the total 4w energy available on target a 23 cm diameter calorimeter was 

placed on the opposing port inside the target chamber. A number of shots were fired through 

a 1.5 mm diameter hole inside a solid aluminum shield placed at target chamber center. For 

these shots the position of the focusing lens was adjusted so that the 4~ laser light passes 

through the hole onto the calorimeter. When the lens is at the 4w focusing position, the spot 
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diameter of unconverted lw and 2w laser light at target chamber center is 2 cm and 1.2 cm, 

respectively. This fact together with the presence of the disk split results in a rejection 

of lw and 2w laser light by the shield with an efficiency of 99.6-100 %. Under routine 

operation conditions, we have demonstrated a frequency conversion efficiency of > 20% and 

a maximum energy of > 50 J at 4w was achieved. 

Figure 3(a) shows the conversion efficiency for various angles of the normal of the KDP 

quadrupler relative to the incident beam along with a fit. It shows a peak conversion 

efficiency of - 20 %. S ince the conversion from lw light to 2w light is less sensitive to the 

angle, the previously found peak conversion at 2.38 mrad was used without doing dedicated 

system shots for optimization. For the conversion from 2w to 4w, however, the actual 

optimum angle differs by 1.3 mrad from the previous off-line characterization. The difference 

is probably due to small temperature differences between the calibration laboratory and the 

Nova target chamber area. Figure 3(b) compares the conversion efficiency for the 4w probe 

laser with calculations for various lw incident laser intensities. The calculations take into 

account the beam divergence of the Nova laser beams (50prad) and include estimates for 

the losses at the various surfaces of the optical components. The experimental conversion 

efficiency is slightly lower than calculated. Reasons for the deviations are a possibly lower 

conversion to 2w than estimated from the off-line calibration and errors in the assumptions 

of the surface reflectivity at shot time due to pump induced steering by the 46 cm amplifiers. 

The overall conversion efficiency can principally be improved by optimizing the conversion 

from lw to 2w with dedicated system shots and by using surfaces of the optical components 

with a low-reflectivity coating. 

The 4w probe laser spot size was measured by shooting the probe on a 2pm thick gold 

disk. The x-ray emission at 2 keV was observed with a temporal resolution of 80 ps employing 

a gated x-ray imager. We find a spot size of 60~mx120~m which is about 6 times the 

diffraction limit. Deviations from a diffraction limited spot size are due to beam aberrations, 

both static and dynamic, in the optical train. This results in an intensity of > 3 x 1014W 

cmA2 (at 4w) at which Th omson scattering from hohlraums was successfully performed at 
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2w in earlier experiments using one of the ten laser beams of Nova as a low energy probe. 

The new 4w capability adds more flexibility to the device and experiments are presently 

being performed measuring plasma parameters at different locations inside of hohlraums 

which are heated with all ten Nova beams. 

Figure 4 shows the result of a pointing shot. The x-ray emission from a Au disk heated 

with the 4w probe laser and with five Nova laser beams is observed with CCD cameras. The 

spot size is only slightly larger than those seen on the temporally resolved measurements. To 

measure the pointing accuracy of the 4w probe laser the five Nova beams backlight fiducial 

holes which absolute positions have been determined before the shot with an accuracy of 

order 10pm. We find that the pointing of the 4w probe laser was demonstrated to be accurate 

to within 100pm. 

Finally, in Fig. 5 we show an example of a 4w Thomson scattering spectrum as measured 

with an optical streak camera with a temporal resolution of 50 ps. The scattered light 

from the 4w probe was observed from a highly ionized, dense Au disk plasma. The local 

electron temperature at the intersection if the probe laser and the line of sight of the detector 

can be obtained with high accuracy from the frequency separation of the two ion acoustic 

peaks using data for the ionization stage 2 of the plasma. They can be obtained from 

calculations, spectroscopic measurements, or from Thomson scattering when observing the 

ion and the electron feature simultaneously. The macroscopic plasmas flow is measured 

from the wavelength shift of the two ion acoustic waves with respect to the incident 4w laser 

light. For two-species plasmas, ion temperatures can be measured as in addition to electron 

temperature as described in Ref. 16. The present data show significantly less heating of the 

plasma at late times than earlier experiments performed at 2w18 and at similar energies 

which is a clear advantage of the 4w probe when applied for temperature measurements. 

In summary, a high-energy 4w probe laser was implemented at the Nova laser facility 

for improved characterization of hohlraum plasmas and to perform laser-plasma interaction 

experiments. We have demonstrated its utility by performing 4w Thomson scattering exper- 

iments in several laser-driven hohlraums and open-geometry targets. Data from a Au disk 
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experiment show less perturbation of the plasma than earlier 2w experiments. Electron and 

ion temperature measurements were also successful in a plasma of 2 x 1021cmB3 which is the 

highest density plasma so far diagnosed with Thomson scattering. The new diagnostic capa- 

bility will be used to benchmark hydrodynamic modeling and kinetic (collisional-radiative 

model) codes in experiments with simultaneous x-ray spectroscopic measurements. These 

tests are now possible in a density and temperature range where no previous data exist. 

Other future activities will include measurements of the absolute amplitude of ion acous- 

tic or electron plasma waves driven by SBS and SRS, of secondary decay products and of 

lg forward scattered light . All of these experiments require a short wavelength probe laser. 

The support of C. Back, T. Butch, B. Cline, R. Ehrlich, D. Gemmel, B. Hammel, R. 

Luthey, J. Moody, J. Peterson, G Ross, R. Saunder, and J Taylor is greatly acknowledged. 
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FIGURES 

Fig. 1. Schematic of the beam path for the 4w probe. 

Fig. 2. Picture of the pick-off mirror in the beam tube (a) and a measured near field image at 

lw. The boundaries of the pick-off mirror are indicated on the near field image. The amplitude 

modulations seen in the near field are due to damage in one spatial filter lens. 

Fig. 3. Frequency conversion efficiency to 4w for various angles of normal of the KDP quadrupler 

to the beam line (a) together with a gaussian fit to the data. Also shown is the conversion efficiency 

to 4w for various lw incident intensities and a comparison with calculations (b). The experimental 

data are somewhat lower than the calculational data as discussed in the text. 

Fig. 4. Experimental time-integrated x-ray images of the 4w focal spot from a Au disk target. 

Five fiducal holes in the disk are backlighted by five Nova beams. From the position of the holes 

and the 4w spot we find that the 4w probe can be pointed routinely with an accuracy of 100pm. 

Fig. 5. Temporally resolved 4w Thomson scattering data showing two ion acoustic waves. Elec- 

tron temperatures can be obtained from the frequency separation of the two peaks and from the 

wavelength shift of the whole spectrum the macroscopic plasma flow can be determined with high 

accuracy. 
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