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ABSTRACT 

Recent shock tube experiments using the Nova la,ser facility have 

demonstrated .that strong shocks and highly supersonic flows similar to those 

‘encountered in astrophysical jets can be studied in detail through carefully 

controlled experiment. We propose the use of high power lasers such as Nova, 

Omega, and NIF to perform experiments on radiation hydrodynamic problems\ 

such as jets involving the multidimensional dynamics of strong shocks. High 

power lasers are the only experimental facilities that can reach the very high 

Mach number regime. The experiments will serve both as diagnostics ‘of 

astrophysically interesting gas dynamic problems, and could also form the 

basis of test problems for numerical algdrithms for astrophysical radiation 

hydro’dynamic codes, The potential for experimentally achieving a strongly 

radiative jet seems very good. 

, 
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1. Introduction 

Numerical methods are an important tool for studying gas dynamicA problems in 

astrophysics. Before becoming useful, however, such methods must be calibrated through 

a careful testing process. Such testing is designed not only to uncover simple errors in the 

implementation, but also serves to demonstrate the strengths and limitations of a given 

method on a wide variety of problems. 

Testing of astrophysical gas dynamic codes usualiy employs one of three techniques: 

(1) comparison of numerical calculations with the results of laboratory experiments, (2) 

comparison of numerical results with analytic solutions where they,exi&, and (a) cross 

comp&rison of numerical solutions generated by different algorithms. An example of the 

first technique for hydrodynamical algorithms is provided by the classic Sod shocktube 

problem (Sod 1978), which was originally motivated by experiments, and is riow universally 

adopted. In,fact, the Sod shocktube problem has an analytic solution, and it has been used 

to test nearly every numerical method for compressible hydrodynamics, so that it also may 

be regarded as an example of the second and third techniques of testing. Collect&s of test 

problems which include examples of each type have been published fqr both hydrodynamic 

’ (e.g. Sod 1978; Woodwmd 8~ Colella 1994) and magnetohydrodynamic (e&g, Stone et al 

1992; Toth & Odstrcil 1996) codes. 

Radiation hydrodynamic codes are not as commonly used as hydrodynamic or MHD 

codes in astrophysics, despite their importance to the study of problems ranging from 

winds from hot stars, accretion disks around compact objects and active galactic nuclei, 

and strong shocks. Moreover, findin, m test problems for such codes is difficult due to the 

challenge of finding analytic solutions to the dynamical equations, and the lack of published 

results from other codes with which to compare. There is an obvious lack of published test 
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problems for radiation hydrodynamic codes, compared to the case for hydrodynamic or 

MHD codes 

The availability of results from laboratory experiments which study radiation 

hydrodynamic problems would benefit the development, testing, and ultimately the 

application of numerical methods for astrophysical problems, just as’experiments 

contributed to the development and testing of hydrodynamic and MHD methbds. .& this 

short communication, we describe several experiments which are currently underway on 

the Nova laser facility at the Lawrence Livermore National Laboratory to study radiation 

hydrodynamic problems such as hypervelocity jets. The hope is that these types of data 

can eventually be used to test numerical codes. 

2, Proposed Nova Experiments 

There are three regimes in which the effects of radiation on the gas dynamics’are 

importmt. The first is in the radiative cooling regime, i.e. optically thin gas which loses 

a, substantial fraction of its internal energy through radiative losses. There &e many 

examples of astrophysical flows in this regime; one which has been studied extensively is 

the propagation through the interstellar medium of supersonic jets from young sta.rs (e.g., 

Blondin et al 1990; Stone & Norman 1993, 1994; de Gouviea dal Pino & Benz 1994), 

a simulation of which is, shown in Fig. la. Since such jets am galactic, highresolution 

imaging and spectroscopic observations have revealed an enormous amount of detail which 

constrains dynamical models. A  particularly good exaznple is provided by the HH47 system 

(Heathcote et a1,1996), 1 ocated at a distance of 450 pc in the Gum Nebula,, and shown in 

Fig. lb. The numerical hydrodynamic studies reported to date demonstrate that radiative 

cooling plays an essential role in the fragmentation and formation of structure in the 
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outflowing jet material. The second regime is one in which momentum deposition from 

photons is important, but to a first approximation energy deposition is net. Au example of 

such flows is the dynamics of winds from hot ‘stars (Owocki 1994) or disks (Proga, Drew & 

Stone 1998): radiative driving from spectral lines is fundamental to the flow, but to a good 

‘approximation the gas in the outflow can be considered as isothermal, FinaJy, the third 

regime is one in which both energy and momentum transport by photons is .important, 

and the system must be considered as a fully coupled fluid composed of both particles 

and photons (Mihalas &  Mihalas 1984). The numerical techniques used to calculate the 

dynamics in each regime differ substantially. In the radiatively cooled regime, the dynamics 

can be captured simply through the addition of a loss term to the energy equation which can 

be computed from a standard optically thin cooling curve. ln the momentum driven regime, 

a radiation force must be added to the equations of motion: computing this force in general 

is complex as it requires solution of the radiation transfer equation to account for optical 

depth effects. Finally, in the fully coupled regime! separate systems of conservation laws 

must be solved for both the mat6ria.l and radiation components of the plasma. Techniques 

for solving the hierarchy of radiation moment equations in multidimensions are complex 

and still emerging (e.g. Stone, Mihalas, pi Norman 1992). 

Which regime a flow occupies depends on its density, temperature, and composition. It 

is likely that Nova laser experiments can be designed to study flows in the first ‘(radiation , 

cooling) and third (fully coupled) regimes. Moreover, lasers such as Nova, Omega, and NIF 

are the only experimental facilities capable of generating the very high Ma& number flows 

relevant to astrophysical jets. The dynamics of jet evolution is qualitatively,different at . 

high Mach numbers (see Norman et al 1982), thus the need for experimental facilities that 

ca.n reach the appropriate regime. 

Experiments to study flows in the radiative cooling regime are being prepared, 
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motivated by a.strophysical studies of protostellar jets (see references listed above). Typical 

dimensionless parameters that characterize -protostellar jets are internal ‘Mach numbers 

1w - 10 - 40, density ratios 77 2 Pjet/PornbiEnt = 1 - 10, and radiative cooling parameters 

X Es Ld/Rje* N 0.2 - 2. Here, lCoOl is the cooling length in either the shocked jet or 

ambient gas (if q # 1, the cooling length can be different in each region), and Rjer is the 

jet radius. For x >> i the flow is effectively adiabatic, for x << 1 the f low is isothermal, 

while for x N 1 the characteristic radiative and hydrodynamic time scales are of the same 

order of magnitude. In this latter regime, the radiation and hydrodynamics are ,coupled. 

It is important to note that provided the dimensionless parameters of the flay e’stablisbed 

through a Nova experiment are the same as those of an astrophysical system, the results of 

the Nova experiment (which might extend for a fraction of a millimeter in size and last for 

only tens of nanoseconds) can be scaled to astrophysical jets (which extend for billions of 

kilometers and last for tens of thousands of years). 

High Mach number (fW  - ZO), supersonic (vjct - 60 km s-l), adiabatic jets have already 

been studied by Miller et al (1995) and Logory et al (1999) on the Nova laser. A, schematic 

of a typical experimental package is shown in Figure 2a. It consists of a brominated 

, 

plastic ablator (pablrator = 1.2 g cmm3) followed by a foam tamper (pjoam + 0,l.g ~-II-~) ’ 

At the ablator-foam interface, a 300 pm diameter hemispherical notch W M  michined 1 

into the,plastic. The experimental package was mounted on the side of a gold hohlraum 

(radiation cavity). Eight 1 ns Nova, be&s delivered a total of approximately a'0 kJ of 

energy to the hohlraum, generating a thermal spectrum with characteristic temperature 

T r= 220 eV X-ray drive which ablatively launched a strong shock (with postshock pressure 

P shock - 80 Mbar) into the ablator. The material of the ablator near the%vertex of the 

hemispherical notch races ahead into the foam upon passage of the shock,. initiating the 

supersonic jet, which wm diagnosed by X-ray radiography. A  typical radiograph taken at 



P.7 

-7- 

r~ 40 ns (Miller et al 1995) shows (Fig. 2b) a dense supersonic jet which has, propagated 

about 2 jet radii from the hemisphere. The hydrodynamics of the jet has been modeled 

with the Livermore arbitrary Lagrange-Eulerian code CALE, as shown in Fig. 2c. In ,this 

simulation, CALE was run as a purely hydrodynamics code (radiation effects were not 

implemented). The goal of these experiments was to study the hydrodynamic aspects of 

supersonic, high Mach number jets, such as the jet tip speed and the Kelvin-Helmholtz 

rollups which can be observed in the experiment. However, the temperatures behind 

the bow shock, T < 30 eV, were not high enough for radiation to influence the ensuing 
hydrodynamics. Those adiabatic jet experiments serve as a test of our ability to follow deep 

nonlinear, strong shock hydrodynamics with present astrophysical codes. 

A  variation on the experiment shown in Fig. 2 is illustrated in Fig. 3a. Here, the X-ray 

drive launches a shock into an aluminum “pin” (Foster et al 1998). The result is a high 

Mach number jet of Al traveling into the plastic (CH) receptacle, as shown ‘with the data 

in Fig, 3b. One sees a beautiful Kelvin-Helmholtz rollup sitting just behind the bow shock. 

Due to the high Mach number (RI - 10) of the jet of Al, the jet tip is in close proximity to 

the bow shock, which likely affects both the jet tip trajectory and also the shap’e of the jet. 

(Norman 1982; Holmes et al 1999), 

We are now designing jet experiments that ‘a,re intended to be radiative, We have 

considered four different approaches, as illustrated schematically in Figs. 4a-4d. In Fig. 

4a we show a design which is only a small change from that shown in Fig, 2. The simple 

modification is to form the CH(Br> ablator into a N 100pm thick, 300 ym diameter 

hemisphericd shell, This new design launches a converging shock into the foam, which 

focuses compressed foam material onto the cylinder axis first, before la.unching the jet (of ’ 

compressed foam) outwards through the uncompressed foam. This convergence &I.& the 

jet temperature considerably. The results from two-dimensional LASNEX (ZiMmerFan & 
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Kruer 1975) simulations of this proposed experiment suggest’ that localized temperatures 

near the jet axis can exceed 200 ev, nearly an order of magnitude higher tha;n the adiabatic 

jet experiment of Miller et al (1995). Key parameters in the jet are consistent with those 

observed for astrophysical protostellar jets. Moreover, the LASNEX simulation shows that 

radiation has penetrated significantly ahead the bow shock. This radiative “preheat” warms 

the eIectron fluid, which in turn preionizes the plasma. This alters the propagation of the 

jet by increasing the sound speed and hence the velocity of the bow shock, This radiative 

preheat is easily understood from simple mean-free-path arguments, ‘For 200 eV photons 

radiating into 0.1 g cm -3 density carbon foam, the mean-freepath i,s approximately 20 pm, 

and for 290 eV photons, just below the K absorption edge of carbon, the mean-free-path is 

a,pproximately 40 pm. These mean free paths are large enough to generate the radiative 

preheat penetration. Therefore, although the radiative cooling parameter x for the Nova 

experiments may be higher than order 1, as opposed to astrophysical jets where x N 1 

there should be observable coupling between radiation and the hydrodynamics of,the jet 

evolution. This radiative preionieation (preheat) effect is also critical to an understanding 

of high velocity astrophysical protostellar jets. A slight modification to this design is 

illustrated in Fig. 4b, where the hemisphere shape is replaced with a cone. The parameter 

regimes achieved are similar, i.e. peak temperatures of approximately 200 eV, with modest 

radiative effects. 

In an attempt to generate hotter, more tenuous jets where the effects of radiation 

a,re more striking: we have considered the designs sketched in Figs. 4c and 4d. Here, the 

ablated plasma itself collides on axis, and forms the jet. Of the two cases considered, X-ray 

illumination and direct laser illumination, the latter generates the hotter jet with the more 

striking radiative effects, and is discussed next. 

The direct laser illumination design uses the concave side of an iron cone, with full 
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opening angle of 120 degrees. A  ‘short pulse of high intensity laser light is incident on the 

concave side of the Fe. The laser parameters used in the 2D LASNEX simulations are 1.5 

k;! of l/3 pm wavelength light in a 100 ps Gaussian time profile, focused into a 600 pm 

diameter spot. In Fig. rja we show an isodensity contour plot from the simulations at 0.8 ns, 

From the simulation, one sees a very focused, narrow jet at z = 400 ,um emanates from the 

base of the cone, Due to the perfect symmetry in this 2D simulation, the predicted width 

may be too narrow. Nevertheless, the simulations suggest that a well formed jet will emerge 

at a high velocity, about 700 pm / ns ( ie, 700 km/s), To illustrate the effect of radiation 

in, the jet hydrodynamics, we ran an identical simulation, only with radiation transport 

turned off. The equivalent isodensity contours at 0.8 ns are shown in Fig, 5b, One sees a 

dr,amatic change, with the jet now being very broad and diffuse (note the different scales). 

W ithout the ability to remove heat by radiative cooling, this purely hydrodynamic jet is 

very hot, and accordingly expands laterally. These comparisons are quantified in Figs. 5c 

and 5d, where we show the density and temperature profiles as a function o-f lateral position 

(radius) at z = 400 pm and t = 0,s ns, for the calculations with radiation “on” (solid 

curves) versus wi.th radiation “ofJ? (dashed curves). W ith radiation transport (and hence 

radiative cooling) included, the jet collapses down to a dense (SO-100 mg/cm3), narrow 

(< 50 pm diameter), relatively cool (- 100 eV) jet traveling outwards along the z-direction 

at high’ velocity (+J 700 pm/ ns = ‘iOO.km/s). W ith radiation turned off in the simulation, 

the jet cannot radiate away its heat, so it "pffs up", thereby cooling itself by the P(V b v) 

work of expansion. The width (-300 pm) and temperature (- 750 eV), are nearly an order 

of magnitude larger, and the peak density on axis (~10 m&d) is nearly an order of 

m ,agnitude lower in the non-radiative jet compared to its radiative counterpart, In addition, 

the much larger cross-sectional area of the non-radiative jet implies it willhave a much 

larger mass per unit distance alon, c its length as well. These effects should be dramatically 
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apparent in the experiment, Even though the densities are much lower than the situation 

illustrated in Fig. 2, estimates of the ion-ion collision mean free path length suggest that 

the plasma is still collisional, that is, &a/w < 1, where ‘w is a characteristic spatial scale of 

the problem. Estimates of the photon mean free path length for -1 keV photons, .however, 

suggest that the plasma is optically thin early in time (5 0,6 ns) when the plasma is hot, 

that is, Xrntp/~ >> 1, 

We will experimentally diagnose the jet with side-on ra.diography us&g a 2D gated 

imager (Budil et al 1996) and with a uranium backlighter (Glendin&g et al 19%). We , 

will also do 2D gated imaging in emission, since the simulated jet is very hot and luminous, 

possibly 1D streaked spectroscopy, and Thompson scattering (Glenzer et &1. 1998). The 

Thompson scattering and possibly emission spectroscopy should provide experimental 

measures of the electron temperature and densities, while the 2D imaging will map out 

the shape and trajectory of the jet. Initial experiments (F’a&y et al 1999) using the 

configuration shown in Fig, 4d, only with a Au instead of Fe cone, showthat indeed a 

high velocity, luminous, narrow jet is formed, and quite likely is radiative. An example of 

a static pinhole image in emission is shown in Fig. 6. The pinhole camera used 10 micron 

pinholes at 4x magnification, recorded directly onto DEF X-ray file, and viewed the jet .I 
from an angle of 68 degrees from the direction of propagation of the jet. 

The above discussion serves as a design study; the actual laser experiments to study 

radiative hydrodynamic jets are just beginning. If successful, the experiments will provjde 

detailed diagnostics of ,the resulting radiation-dominated flows, including two dimensional 

images from X-ray framing cameras at several snapshots in the evolution, and possibly 

kinematic information from X-ray spectroscopy in both emission and absorption (see W ’illi 

et al 19%). Th e experiments are interesting studies of radiation hydrodyna,mic, flows 

in their own right. For example, the jet experiments designed as. an extension of the 
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work of Miller et al (1995) may provide useful information regarding the mixing rate in 

supersonic jets. In addition, however, the experiments can be used to provide the’basis of 

a test suite of problems for radiation hydrodynamic codes used in astrophysics, much as 

the Richtmyer-Meshkov instability experiments of Dimonte et al (see Holmes et al 1999) 

performed’on the Nova laser have become benchmark tests of strong shock dynamics for 

compressible hydrody&nic codes. By modeling the experiments with‘different numerical 

techniques, it may be possible to develop improvements, and explore.the limitations, of 

individual methods. Such a test suite would be an extremely useful service to the progress 

of this research area within the astrophysics community. 

Financial support of this work from the DOE is gratefully acknowledged.’ We thank 

Larry Logory, and Paul Miller for helpful conversations. We are grateful, to J. Foster, P, 

Rosen, and T. Perry for obtaining advance copies of their Al jet data prior <to publication. 
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Figure Captions 

Figure 1. Examples of a.strophysical jets. (a) Simulation of a Herbig-Haro jet, 

reproduced from (Stone & Norman 1994). (b) Image of the Herbig-Haro jet HB47, a 

galactic astrophysical jet located in the Gum Nebula imaged with HST, reproduced from 

Heathcote et .a1 (1996). 

Figure 2. An example of a laboratory high Mach-number jet,; (a) Experimental 

configuration for launching the hypervelocity jet, using t,he Nova laser, (b) Example.of an 

in-flight, hard X-ray radiograph of the jet at YJ 40 ns, and (c) the corresponding result from 

This manuscript was prepared with the AAS I.&” macros ~4.6. 
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a simulation with the 2D radiation-hydrodynamics code CALE (see Logory et al., these 

proceedings). 

Figure 3. Another example of a laboratory hypersonic jet, generated on the Nova laser 

in a. slightly different manner. (a) Experimental configuration for launching the jet, using 

the Nova laser. (b) Exampl? of an in-flight radiograph oF the jet at -+ 25 ns. The proximity 

of the Al jet tip to the bow shock in CH is a signature of high Mach number, llrf N 10 (see 

Foster et al 1998). 

Figure 4. Examples of.designs for a. laboratory radiative jet experiment .using ‘the 

Nova laser, The first design (a) uses an X-ray drive to launch a converging shock. The. 

second design (b) uses the plasma. colliding on axis after shock breakout, somewhat ,like a 

miniature shape charge. Designs (c) and (d) use the ablation plasma st?gnating on axis 

from illumination with X-rays (c) and with direct laser illumination (d). 

Figure 5. Results from design simulations for the experimental configuratiog show? in . ’ 
Fig. 4d. (a) Isodensity contours at 0.8 ns, for the full radiative-hydrodynamics simrilatiok 

(b) The same ass (a), only for a simulation with radiation turned o& (c) Lateral profile of 

density of the jet at 0.8 ns at a position of z = 40@m, with radiation (solid curve) and 

without radiation (dashed curve) included in the simulation. (d) Same~as (c) except for 

profiles of temperature. 

Figure 6. An example of a static (ie., time integrated) pinhole image in emission from 

a gold jet launched from the experimental configuration shown in Fig. $2. The pinhole 

camera used 1Opm pinholes at 4~ magnification, was filtered with 1 mm of Be, recorded 

directly onto DEF X-ray file, and viewed the jet from an angle of 68 degrees with respect 

to the direction of propagation. 
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