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X-RAY EMISSION FROM Cl!2 LASER-PRODUC ED

PLASMAS AT 1O1~ W/ca?

INTRODUCTION

Experimental X-ray spectra have been used to demonstrate the existence of suprathermal

electrons I, ion acoustic turb ulence 2 and self-generated magnetic fields ~. The first two

phenomena imply nonthermal electron distribution functions whereas the third one results in

the production of energetic thermal electrons. Davis and Rogerson 4 have shown that it is

quite difficult to distinguish between these different types of electron distribution functions

from ~remsstrahiung measurements the main di~~rence being at high photon energies where

statistical measurement errors are usually large.

Since the experimental data does not exclude the magnetic field interpretatIon, we look

further into it. We present more details of the physical model and show where the dl~~rent

components of the X-ra y spectra originate. We lflustrate the dependence of the computed

spectra On difibrent physical parameters. We present the dynamics a two-dimensIonal numed-

cal fflodel predicts for a laser-slab target InteractIon. We finally Include tests of X-ray spectra

sensh ty to parameters such as grid size, flux-limiting factors and dI~~rent laser absorption

mechanisms.

Man uistipi svbmlftsd October 7, I~~77.
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COLOMBANT AND WINSOR

MODEL

The basic model has been described previously ~. Some of its unique features are that it

uses an equation of state 5 rather than an ideal gas law to describe the plasma produced, it pro-

vides a complete treatment of magnetic field el~ cts, including the tensor thermal conductivity.

Also, the 2-dimensional code does not contain any adjustable parameters.

In addition to the features mentioned in Ref. 131, a simple form for radiation pressure 6

has been included in the momentum equation and a more complete thermal conductivity ten-

- sor has been included. In particular, the Pettier heat conduction term q — ft . a has been ad-

ded where a is the electron drift velocity and $ is given by

Ne Te~ $i4 + $)~~
~~~~~

‘ (4 +&~4 +8 0)

-

~ where the ft’s and x — wi are defined in ref. 7. The cross-conductivity in the Fourier heat

conduction term

- Z N k Te rei x0 (yj, . .xj +~~
‘ )

K b x V T w i t h K —
. m (4 +8 1 x~ +6~)

has also been included. We wish to emphasize the fact that we use the classical conductivity

and doliol flux-limit our transport. As we show below, results with and withou t flux-limiting

are nearly identical. This may be interpreted as a demonstration that our fluid model is self-

J consistent. Should the flux-limited and non-flux-limited results be significantly different , then

the hypotheses on which the fluid model was derived would be violated.
I

The equation for the magnetic field as reported in this work does not contain the thermal

force whose effects are reported in detail in ref. 8. The spectral results reported here are oh- . 
-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
X1ay 

~~gnostics 

~~~~~~~~~~~~~~~~~~~~ 

to the code by breaking the
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bremsstrahlung radiation rate into 17 frequency intervals:

- r — 
(E~ E1 )/k T,

~~~~~~~~~~ ,-t~e

Here Pb, and T1 are the local total bremsstrahlung radiation rate and temperature obtained

from the local ion and energy densities through the equation of state. The frequency intervals

were chosen to correspond to the range of experimental interest and the radiation output in

each frequency range was integrated over space and time to obtain the total output. For the

X-ray energies considered, it was assumed that half the radiation escaped from the plasma into

2ir steradians, and the remaining half was deposited in the solid region.

STANDARD CASE

All of the results which are presented in this section correspond to the following input

param eters: 1.2 3 of 1.06 M light deposited in a 12 ~ radial focal spot in a pulse with a FWHM

of 20 psec. The pulse is Gaussian in space and time and has a peak flux of 1.2 10 16 W/cm 2~

No prepulse pr ecedes the main pulse. The target is a plane polyethylene slab - and a steep gra-

dient density has been set up in front of ii in order to start the calculations. Figure 1 depicts

the initial laser and target conditions. The laser parame ters are typical of the experiments per-

formed with the NRL laser facilit y ~.

In the following, we present in deta il the numerica l results obtained with the model

described in the previous section on a 12 ~ by 12 M grid. Then , we investigate different physi-

cal e~~cts such as var iation of the initial density gradient , the ion atomic mass, the absorption

coefficient and of the inclusion of a flux-limiter. Finall y we present partial results obtained for

she same physical case with a by 4gi. grid.

Figure 2 ~-hemat icalIy pictures the tar get density and temp erature profiles and illust rates

some features of these proØles which will be used to explain the magnetic field dynamics

3
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below. Figures 3 through S are profiles of fluid variables along the axis for selected times near

p.sk ins.nsity and laler ln the pulss (from2to 72 psec after the peak of the laser pulle). In

these figures, the maximum In temperature occurs near the critical surface (where the absorp- —

ties I maximum) and It follows rather closely the laser power variation with time. It reaches

60 key 2 pssc altar the peak of the laser Pulse and drops to about 1 keV 72 psec after that

sesk. Not. that a t i  — 21 pesc after the pulse maximum, a series of maxima appears in the

s(spsrstssre profile , flea. maxima might be an indication of an acoustic instabilit y driven by

1k magnetic source terms.

The dsnsfly profile has been reshaped by the laser pulse by the time of the peak of the

laser pulse and shows a very large gradient in the vicinity of the critical surface. The density

jump s by a factor of SO to 100 over two cells or 24M. This sharp gradient is moving inwards

into the target whereas a rarefaction shock propagates outwards, towards the laser beam. This

feature might suggest that a steady-state density gradient forms rapidly near the critical surface

and that the experimental results are thus very weakly dependent on the pre sence of a

prepu lse. This feature also explains the weak dependence of the numerical resu lts with the

values of the intit ial density gradient. We remark here that special numerical techniques9 are

used here which accurately preserve the physics of such shock processes

The self-generated B-field is also shown In those figures (off-axIs at r — 12 ia) and we see

that Its maximum value (when the thermal force Is not included ) remains almost constant at

over 2 MG for the first 88 psec. This magnetic field Is a dominan t feature of the Interaction

region and once generated, diffluses both Into the target and towards the laser. The maximum

B-field occurs near the critical surface and field reversals increase with time. We recall that

these field reversals diminish with the addition of the thermal force term .

The complicated B-field profile results from the structure of the density and temperature

H
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grad ients. Note however that the- dominant term is bn/ z aT/ar. The positive radial density

gradient term due to the pre sence of the initia l density gradient gives a much smaller contribu-

tion to the field source term (an/ar ~1 /Oz) and thus shows that the initial density gradients

only perturbs slightly the solution . The maximum value of the B-field remains at a high level

durin g th e laser pulse, because as we have seen , ônI8z is approximately constant during the

laser interaction as well as ÔT/Or which remains also constant due to the reduced conductivity.

It is also apparent from Fig. 5 that the B-field is carried off with the plasma as the gradients in

the expanding shock move away .

The parameter w~ i~~, is a measure of the reduction in the perpendicuAar thermal conduc-

tion . Its peak follows the maximum in magnetic field and reaches a value greater than tO 3.

The consequent reduction in heat conduction at that time varies from a factor of 10~ for the

cross-conductivity to 106 for the perpendicular one. It is this reduction in heat conduction

which acounts for the high temp eratures observed numericall y and for the hard X-rays which

are also observed experimentally.

The total radiation power outp ut peaks just behind the critical surface where the density

is large and the temperature still above a few hundreds of eV. At early times, a strong emit-

ting region is also seen associated with the outward moving shock, but as the shock wave

moves to lower densities and cools by expansion , this strongly emitting region disappears. The

maximum radiated power region is shown as a f unction of time In Fig. 6. At first it occurs In-

side the spike the laser beam forms inside the target. Then it spreads outwards to reappear on

the axis. This pattern can be explained in terms of diffusion and fluid motion . The heat Is car-

nod rad ially by convection and conduction , taking the emitting region with it but when the

density drops too low, the maximum emitting region reappears on the axis. .

Fig. 7 to 12 show temperature and velocity contours for various times. Velocities are
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COLOMBANT AND WINSOR

directed at first toward the laser beam and then spread out radially . Also the f ron t of the ex-

pansion accelerates from 4 x iO~ cm/sec at t —18 p sc  to tO 5 cm/sec at I — 88.5 psec which •

correspond to average ion energies going from 7.7 keV to 48.4 keV.

Before interpreting the spatially time-integrated X-ray spectra, we have plotted the X-ray

power emitted between 1 and S keV and above S keV in Fig. 13. We see that the maximum of

the harder X-rays comes earlier , around 30 psec after the beginning of the interaction when

the laser pulse is still on. This indicate s clearly that the hard X-rays are due to the high tern-

peratures generated in the plasma near the peak of the laser pulse . Lower energy X-rays come

later when the temperature drops due to the decrease in laser power and to heat diffusion . Re-

cent ly , these time-resolved X ray spectra have just been obtained experimentally 11 and should

provide the basis for a more detailed comparison than th at one provided below.

The spatiall y and time integrated X-ray spectrum is shown in Fig. 14 along with the ex-

perimental spectrum obtained at NRL ~ . By comparison , a spectrum obtained with the magnet-

ic field artificially set to 0 is also shown. The hard X-rays have been already explained in

terms of the high temperatures (tens of key) generated during the laser interaction . However,

these calculated intensities are larger than the measured ones. Although the inclusion of the

thermal force terms reduce the X-ray intensities , other reasons can be given to explain the

larger X-ra y intensities found numerically. We shall mention two reasons here . (1) Electrons of

100 keV for example have a Larmor radius of 8 gi in a I MG B-field , which is comparable with

the size of the high B-field region. Thus, the electrons would see an inhomogeneous magnetic

field and drift out of the hot region. (2) Another fact is that for 7’,, —40 keV and fl , — 102)

cm ~ , the electron self-collision time is 400 psec which is much larger than the characteristic

times in the experiment. So, although electrons might be produced at 40 keV, they do not

maxweilize on the time scales of the experiment and as a result, they contribute to an overes-

timated hard X-ray contribution. This very hard part of the spectrum is also that one where

6
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the experimental uncertainty is the largest since the number of photons in this range is orders

of-magnitude below than in lower energy ran ges.

The soft component of our calculated X-ray spectrum is much more difficult to compare

accurately with experiment because sharp gradients in both densities and temperature occur

over I or 2 cells. The resolution is poor for that region of the laser target interaction and it will

be seen later how this part of the spectrum varies with the grid size. In any case, the agree-

ment is reasonably good for energies above 1 keV which correspond to temperatures just on

the border of that shar p gradient region. One feature of the experimental X-ray spectrum does

not show in the numerical cu rve; it is the dip in the spectrum between 2 and 10 keV. This dip

seems to indicate a decoupling mechanism between low energy electrons and higher energy

electrons. In- particular, the higher energy electrons might not be suited for a temperature

representation (since they do not have time to maxwellize) and they would not obey either a

diffUsion equation . These remarks do not reflect on the origin of suprathermal - electron~. but

suggest that once suprathermal have been -identified in the physical interaction , their transport

might have to be don e differently .

When the magnetic fields are artificially set to 0, the hard X-ray component of the spec-

trum disappears almost completely since for h v — 40 keV , the X-ray intensity is 4 orders of

magnitude smaller. This constitutes strong evidence for the role played by large B-fields in

producing the high temperatures needed to explain the hard X-ray experimental data. -

RESULTS

• “ We now discuss specific conclusions obtained from comparisons of calcul$ ens with this

model, and their dependonces on physically interesting parameters. We consider the influence

of lbs Initial-density gradient, the Ion- mass, the lassr absorption mechanism, the importance of

fine structure, and the presence of flux-limiting. -

L - .-
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As mentioned previously, the initial density gradient is not playing a significan t role in

the value of the integrated X-ray spectrum. Rese~lts shown in Fig. IS with density gradient

length varying from 2O~i to 41~ illustrates this result since the variation in X-ray intensity is a

factor of 2.5 at most. The above variations in density gradient lengths correspond to a dip in

densities varying by 4 orders of magnitude over the distance comprised between the boundary

anr~ the critical surface. This result reinforces the conclbsion that the laser light produces its

own density profile in the interaction region and that the X-ray spectrum is insensitive to the

presence of a prepulse. The density structure near the critical surface might also explain some

features of backscattered light.

The model which we have used to describe the laser target interaction is a one fluid

model whereas two ion species make up the target material: carbon and hydrogen. Leaving

aside the question of ion separa tion and acceleraiion. computations were made with carbon or

polyethylene mass for the ions. The resulting spatially-and time-integrated X-ray spectra are

shown in Fig. 16. These two curves are very similar since a factor of at most 3 separates the

X-ray intensities over the entire X-ray energy range . In view of the similarity of these results

and because the polyethylene case was much longer to run than the carbon case (since the

velocities are larger for lighter ions and as a consequence, the time step is much smaller), all

other cases shown were run with the carbon ion mass.

Absorption by an evanescent wave in the overdense region was also considered as an al-

ternate energy deposition mechanism. An arbitrary fraction (50%) of the energy reaching the

critical surface was assumed to go into the evanescent wave. Since more energy gets behind

the critical surface and less energy heats the critical surface , the maximum temperature is cx-

pected to be lower than for the standard case but higher In the overdense region. This should

lead to a loss of intensit y for hard X-rays and Increase In Int ensity for soft X-rays. Figure 17

shows these trends where variations are at most a factor of 4.

8
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t The most severe limitation on the results presented here is undoubtedly the spatial reso-

lution in the vicinity of the critical surface where large gradients occur. A limited attempt was

made at assessing the influence of the grid size on the solution. A run was performed up to

th e time of the peak of the laser pulse with a 4~x 4~L grid instead of the 12 ~ x 12 M grid

used in the standard case. Profiles for density, temperature , B-field show more structure at the

same time and the integrated X-ray spectra is shown in Fig. 18. This spectrum shows a

difference of a factor of 2 in the hard X-ray region and an increase by a factor of 2 in the soft

X-ray range. This increase confirms the need for a more detailed solution in regions of large

steep gradients.

In conclusion , alth ough the details of the interaction might change slightly due to the

spatial resolution , the integrated X-ray spectra which reflect gross features like maximum tern-

perature obtained and extent of heated regions agree reasonably well and do not raise questions

about different phenomena taking place as a result of the interaction .

Because of large gradients in temperature , the thermal flux may become larger than 1/2

1e m, v~~. Runs with and without flux limiter were performed and results appear in Figs. 19

and 20. In Fig. 19, electron temperature profile on the axis at the peak of the laser pulse is

shown for the cases B — 0 and B � 0, with and without flux limiter. It is seen that the

difi~rence between the cases with and without flux-limiter is relatively small. The correspond-

ing X-ray spectra are shown in the following figure . The higher intensities for the hard X-ray

follow from the higher temperatures observed in the previous figure . The effect of the flux-

limiter is very small on our results and indicates that the calculations are performed well within

the limits of fluid theory.

9
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COLOMBANT AND WINSOR

CONCLUSION

We have found good agreement between numerical and experimental X-ray spectra for

experimentally-measured plasma parameters, during the interaction when a CH 2 target is irra-

diated by 10 16 W/cm 2 of 1.06 light. We have shown that this agreement is preserved when

initial conditions, ion mass, laser energy deposition and grid size are changed but not when the

self-generated B-fields inside the laser-produced plasma was artificially set to 0. These results,

suppl emented by results in ref. 8, indicate that B-fields which have been measured directly and

indirectly represent one of the most probable explanations for the observation of the hard X-

ray spectrum.

We have shown also that the hard X-ray pulse follows very closely the Laser pulse in

time, a fact whi ch could be checked eventually in an experiment. We have also shown that a

more accurate prediction of soft X-rays requires improved resolution in the region of steep gra-

dients. We draw attention to the small influence played by a flux-limiter in our calculations.

Finally, we observe that oscillations in the temperature profiles could come from an acoustic

instability driven by the magnetic source terms.
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IPaTJ&

Fin. 1 — Initial dcnaity profIle end laser pulse used Ut numerical cal-
cutalions The rat io n./n,,,, will be varied and results reported in

Fig. IS.

FIg. 2 — Typical density and temperature praliss twa,
*he peak o(the laser pulsc. Nese radls* V~,dasto liW
liii conditions of Fig. I.
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