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A PROPOSED TECHNIQUE FOR CREATION AND DETECTION OF HOT ELECTRON
IONIZATION AND GAIN EFFECTS IN A LASER-PRODUCED TIN PLASMA

1. BACKGROUND

The production of suprathermal electrons in plasmas driven by high

power lasers of wavelengths X > 1 irm has been recognized and studied for

nearly a decade. It is generally believed that the resonant absorption

mechanism accounts for the bulk of this production of hot electrons.1

These hot electrons are generally viewed as deleterious to the achievement 0

of laser fusion for two main reasons: first, the penetration of hot

electrons results in pellet preheat, inhibiting compression; second, hot

electrons are a wasteful channel for the driving laser's energy. They must

first be converted to thermal energy to assist the compression process,

and the conversion process has proven inefficient.2  Some attempts have

been made to circumvent these problems, one of the most recent of which

involves using return currents driven by the suprathermals to implode

cylindrical targets. 2 The generation of hot electrons, scaling3 as

(I X2)1/2 is obviously a more serious problem at high laser irradiance (I)

and long wavelengths.

However, the presence of a double-peaked electron energy distribution

may be exploitable for purposes other than laser fusion. The production of

a population inversion in a plasma is a clear posssibility; the presence of

a non-thermal electron pool is obviously conducive to peculiar level

population distributions.

In recent years considerable study has been devoted to neon-like

ions4- 8 in the search for plasma conditions which will promote population

inversions conducive to lasing in the x-ray region of the spectrum. The

attractiveness of the neon-like configuration stems from the fact that the

proposed lower lasing level, ls22s22p53siP 1, decays rapidly to the closed

shell ground state whereas the upper lasing level, 1s22s22p53plSo, is by

comparison radiatively stable. The simplified energy level diagram of Fig.

I illustrates the basic inversion mechanism in the case of neon-like iron

(Fe XVII).

The gain achievable in such a neon-like ion has recently been shown9

to be related to the possible presence of hot electrons. Specifically it

has been demonstrated quantitatively that suprathermals such as those

produced in high power laser-plasma experiments may be used to

substantially enhance gain in 3p-3s transitions of neon-like ions.

Manuscript approved May 7, 1984. 1



Specific calculations were performed using a detailed model of ionized

iron. The energy of the suprathermals must be roughly matched to the

threshold excitation energy of the (upper) 3p lasing state. For iron,

this energy is - 800 eV and necessitates the use of low irradiances ( 2.5

x10 13 Watts cm- 2 at X - 1.05 pm) to increase the gain in the 3slP1 - 3p's o

transition of Fe XVII, which lies at 254.9 A (48.64 eV).

As detailed below, the ratio of hot to cold electrons must be at least B

a few percent by number for gain enhancements to be significant. At

present, the general belief of the laser-plasma community (see Ref. 10 for

example) is that such fractions are not achievable at 1.05 um at such a

low irradiance as 2.5 x 1013 Watts cm 2  Some measurements 1 '1 2

contradicting this generally held view have been reported. However, it is

felt that higher irradiances are the more prudent choice. Since both the

hot electron energy and fraction increase with irradiance, a higher-Z

element with a correspondingly higher excitation threshold is required. A •

reasonable choice both for target fabrication and atomic number is tin (Z -

50), whose upper lasing state has an excitation threshold of - 4 keV. The

corresponding laser irradiance required to produce hot electrons of this

energy is a few times 1014 Watts cm-2, in a regime where many more hot

electrons will be produced. Even though the specific results below are

given from our previously developed detailed iron atomic model, the same

principles apply to our chosen target element tin. Specific Z-scaling of

the results is discussed further below. Complete details of the iron

calculation are provided in Ref. 9; in this Memorandum Report we

concentrate on the relevant results.

First, an extensive series of gain results was obtained over a wide
* S

range of postulated conditions with the restriction that the electron

distribution be a single-temperature Maxwellian. Peak gains of only 1-4

cm 1were found for optimum temperatures of 150-200 eV. Above these

temperatures the Fe XVII stage abundance declined substantially, along with
* 0

the resulting gain.

This is expected since the coronal results of Jacobs et al. 13 show an

abundance peak at 250eV and at higher densities collisions result in a

substantially greater excitation state than expected in the low-density

coronal limit. Since the ionization potential, Ip, of Fe XVII is 1266eV,

our results may be compared to those of Vinogradov et al6. which at T -

2



I p/6 for CaXI show a gain of 1-10 cm-1 , depending on the density, for the

optically thin case. The reason for the modest gains in both cases is that

the upper lasing level is located at an energy above the ground state equal S

to 4 times the electron temperature. Therefore, less than 5% of the

ambient electrons are capable of pumping the upper lasing level. It is for

this reason that the addition of a hot electron component is a promising

technique for gain enhancement. However, the energy of the suprathermal

component must approximate the excitation energy of the 3p state. We find

that a suprathermal component of 100 keV electrons 4 primarily provides

additional ionization, not pumping of the upper lasing state leading to

enhanced gain.

Our steady state results for a hot electron component of energy 800eV

(the 2p53p iS level is 788eV above the ground level) are presented ino

Figs. 2-5. We again emphasize that these iron results are readily scalable

to tin experiments and this is discussed below in detail. The dramatic

increase in gain with hot electron fraction is shown in Fig. 2. This is

due to direct collisional pumping of the 2p53plS 0 level. Above 10% hots,

the neon-like fraction is depleted by the increased ionization but the

combination of a cold 70eV thermal reservoir and a monoenergetic 800eV

electron component results in a substantial neon-like iron presence over a

wide ratio of hots to colds. Note that the gain continues to rise even

after the neon-like fraction has peaked; this is due to the increasing
number of pump electrons. A peak gain of - 40 cm-1 is expected for a hot

electron density of 1020cm- 3 and a cold electron density of 4x10 20 cm- 3 .

At higher ratios of hot electrons, ionization lowers the gain. The neon-

like stage fraction depends sensitively on the hot electron ratio to colds.

Figure 3 displays the sensitivity of the steady-state gain to cold

electron temperature. For this calculation, the ratio of hots to colds was

fixed at 0.15, and the cold electron density at 4x10 20 cm 3 .  The hot

electron energy was assumed to be 800eV. Substantial gain is present at

cold electron temperatures between 30eV and 1OOeV, indicating only a

moderate sensitivity to this quantity. At higher temperatures ionization

lowers the gain as seen by the decrease of the neon-like fraction (also

plotted in Fig. 3). At the lower temperatures in this range the gain is

somewhat less than the peak. This is due entirely to increased population

of the lower lasing level - the upper level is unchanged in population (as

3



0

might be expected) since the 800eV hot electrons are still present. The

increased population of the lower level results from increased collisional

de-excitation to this level from higher excited levels due to the higher 0

cross-sections for these de-excitations at lower electron energies.

Figure 4 demonstrates the dependence of gain on cold electron

density. Above Ne = 3x10 2 1 cm- 3 the gain is negligible due to the tendency

of collisional processes - stronger at high densities - to establish

thermal, rather than inverted, population distributions. At lower

densities the reduced number of lasing ions also reduces the expected

gain. Note, however, that gains in excess of 10 cm-1 are predicted for the

quite wide range 7x101 9 4 Ne 4 3x10 2 1 c -3 . 0

Even with the beneficent presence of hot electrons assumed, the

steady-state gain achievable is still limited by ionization of the neon-

like ionic stage to the flourine-like and higher stages. This effect is

clearly demonstrated in Fig. 2 by the decrease of both the gain and neon-

like fraction as the hot electron fraction increases past 25% by number.

This fact suggests that even higher gains are obtainable if a semi-

quiescent plasma were subjected to a "burst" of hot electrons. In such a

situation, a large gain length might well build up for larger hot electron

ratios before ionization becomes fully effective in reducing the gain.

Such speculation is confirmed by the results presented in Fig. 5. In

this case a numerical experiment was performed wherein a steady-state

plasma of cold (background) electron density 4 x 102 0 cm- 3 is disturbed by

the injection of a monoenergetic hot electron pulse of energy 0.8 keV whose

density is gaussian in time. The full-width-half-maximum of this pulse was

80 ps, and the hot electron density was assumed to peak at 4 x 1020 cm- 3 ,

equal to the background electron density. The injection of the hot

electrons in a transient pulse takes advantage of the finite ionization

time and allows the small-signal gain to approach 180 cm-1 . During the

transient period there are plenty of neon-like ions to pump plus a large

density of pumping electrons. Ionization eventually reduces the gain.

The actual distribution of hot electrons which will be encountered in

laser-produced plasmas is almost certainly not monoenergetic, and will vary

with position and time. If the distribution of hot electrons is assumed

strictly Maxwellian, we have found that very little steady state gain is

achievable due to the tendency of the high energy tail of the hot

4



electrons' Maxwellian to directly ionize the neon-like state, whose

ionization potential from the ground state is just 1.6 times the excitation

threshold of the upper lasing state. Steady state gains are obtainable for

any hot electron distribution which confines the bulk of the hot electrons

within a factor 1.3 of the excitation threshold. The range of parameter

space to be explored with reference to exactly which forms of electron

distributions optimize gain is prohibitively large for the present. Large 0

transient gains are obtainable for strictly Maxwellian hot electron

distributions, however.

The above considerations suggest the use of short driving laser pulses

in testing the above concepts. Fortuitously, it is just such pulses which 0

encourage steep density gradients and the accompanying enhanced production

of suprathermal electrons." 
14

II. SCALING OF IRON RESULTS TO TIN

It is well known that the hot electron energies obtained in laser-

plasma experiments increase as (IX2 ) a where a is somewhat uncertain,

probably lying15 between 0.3 and 0.43. Ref. 3 presents a detailed

collection of experimental data which suggests that for a characteristic

hot electron energy of 0.8 keV, optimum for iron, irradiances of I w 2-4 x

1013 Watts cm-2 are required for a laser wavelength X = 1.05 i'm. As

explained above, it is generally believed that the hot electron fraction

generated at this irradiance and 1.05 jim wavelength will be considerably

less than 1%. For this reason we consider tin (Z-50) as a more promising

experimental target. We have employed the Hartree-Fock atomic structure

code of R. D. Cowan 16 to calculate critical transition probabilities and

energies for this element.

The excitation threshold of the upper lasing state is 4 keV,
14-2requiring, according to Ref. 3, an irradiance of - 3 x 1014 Watts cm- *

The results of Ref. 12 suggest that half to three quarters of the absorbed

energy will appear as suprathermals at this irradiance. However, most

workers have found a considerably smaller conversion than this at a few

times 1014 Watts cm-2 . Hot electron fractions of at least several percent *

and probably more for short pulses are expected3 , however, in this higher-

power regime.

5
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Ionization and excitation energies generally scale approximately as

Z2  where Z the screened nuclear charge, is 17 for neon-like iron and 41
S

for neon-like tin. This expected factor of (41/17)2 . 5.8 for the ratio of 0

characteristic tin-to-iron energies turns out to be slightly high; the

actual scaling is very close to 5.0. Therefore, optimum cold electron

temperatures for gain are - 5 x 70 = 350 eV. Approximate numerical

results for tin are obtainable by multiplying the temperatures in the •

figures by 5.

The scaling of the gain coefficient is slightly more complicated. We

find generally that the gain obtained with neon-like iron is approximately

60% of that which would prevail if the lower lasing line state had zero 0

population. Let us assume this same ratio prevails for neon-like tin. It

is also found that the upper lasing level 2p 5 3p Is o is both populated and

depopulated collisionally at densities where significant gain occurs, and

that the fractional population of this level for NHOT/NCoLD = 0.15 at such 0
4 6 - 3

densities is 7 x 10- 4  The collision rates scale approximately as Z ;

therefore the same rates as iron will prevail for electron densities a
3factor of - (41/17) . 14 higher for tin than for iron. Thus, approximate

numerical results for tin are obtainable by scaling the densities in the

figures up by this factor of 14. At such densities the gain at line center

for a Doppler profile - assumed to be 60% that of a plasma with zero

population - of the lower lasing state, is

g (cm- j = 0.6 (1.63 x 10- 3 2 j NI fX
3 [T-jl/2 A. (1)

i

In Eq. (1) above, N1 is the ion density, f is the fraction of all ions in

the upper lasing level (- 7 x 10-4 ), X is the lasing transition wavelength

in A (118.2), M the ion mass in amu (118.7 for tin), Ti the ion
* 0

temperature (- 350 eV, equal to the optimum electron temperature), and A
is the spontaneous decay probability of the lasing transition (3.6 x 1010

sec- 1). If Ne = 4 x 1020 cm- 3 for iron, for tin the corresponding optimum

Ne is 14 times this value (5.6 x 1021 cm- 3 ), resulting in NI : 5.6 x 1021 /

40 2 1.4 x 1020 cm 3 .  Substituting into Eq. (1) we find that g - 33.2
under these conditions, compared to 35 cm" 1 for iron (Fig. 5). Since the

6



quantities in Eq. (1) are fixed atomic parameters, it is reasonable to

conclude that the gain of tin and iron will be about equal for the range of

densities and temperatures, scaled by 14 and 5 respectively, presented in S

the figures. A more detailed study of this gain scaling should be

conducted as a comprehensive atomic model for tin is developed.

III. EXPERIMENTAL ACHIEVEMENT OF THE REQUIRED CONDITIONS

We conclude from the above considerations that achievement of

substantial gain in neon-like tin requires the following plasma S

conditions: background thermal electron temperature of 150-700 eV,

characteristic hot electron energy of - 4 keV - which fixes the laser

irradiance at 1-4 x 1014 Watts cm- 2 , and thermal electron der .ies of 1 x

1021 cm 3 
-3 x 1022 cm 3 , with a hot electron fraction of at tst several 6

percent by number. As discussed above the required hot elec n densities

and energies can be obtained with the above-cited 1. "r m laser

irradiances. To evaluate the achievability of the required background

conditions we consult detailed experimental studies and modeling1 0 '14' 1 7 at

similar irradiances for moderate-to-high Z planar targets.

Experiments have been performed at irradiances of 3 x 1014 Watts cm- 2

at both 1.05 um and 0.53 um, and the results have been extensively

diagnosed as well as analyzed with LASNEX modeling. The 0.53 Jim work 14 0

is relevant in that evidence for the laser wavelength scaling of the plasma

profiles was obtained, in particular the electron temperature near the

critical surface scales as X0. 9 . Figure 3 of Ref. 10 and Fig. 2 of Ref.

17 are most relevant. Figure 3 of Ref. 10 demonstrates that the required

electron densities and temperatures are obtainable - 30-60 um above the

original face of the target at 3x10 14 Watts cm-2 .  Ref. 17 shows that, for

X- 1.05 im and I - 1-5 x 1014 Watts cm- 2 , tungsten (Z=74) is stripped to

at least the nickel-like (28 electron) stage. Stripping these 46 electrons

from tungsten requires 41 keV per ion. Stripping 40 electrons from tin to

create the neon-like stage requires 40 keV per ion, and is therefore

clearly feasible in such experiments. The temperature of the tenuous outer

corona is evidently still controversial. Ref. 17 contains a coronal

temperature diagnosis of 200-400 eV for tungsten-glass targets; under

7
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similar conditions Ref. 10 obtains Te in the multi-kilovolt range with gold

targets - which are even more efficient radiators. This is of little

consequence for our purposes since we are interested in the regions much

closer to the critical surface.

Our proposed experimental strategy would be to utilize short pulses to

enhance both hot electron production and the possibility of large transient

gains. A quiescent plasma should be prepared with an initial short

(-100 ps) pulse, preferably at 0.35 im. The 0.35 jim pulse would minimize

both initial hot electron production and the temperature near the critical

surface; the 1.05 jm pulse could follow with a variable delay to create

the requisite burst of hot electrons. By using both wavelengths, varying

the irradiance and the time delay between pulses, one could "bracket" the

required conditions so one or more of the shots would be likely to

reproduce very closely the optimum conditions. The basic focal spot could

be achieved by line focusing UV and IR beams to a total spot of

- 100 Um x 2500 im. As detailed below, significant gain should be

detectable from such an elongated plasma.

IV. EXPERIMENTAL DIAGNOSTICS

As is evident from Figs. 2 and 3, the relative number of flourine-like

and neon-like ions plays a critical role in determining gain and is very S

dependent upon the hot electron fraction and the cold electron

temperature. Determination of the ionization state of the plasma would be

essential in any meaningful analysis of the proposed experiments, and will

be useful in clarifying both the role and amounts of hot electrons present. •

To determine the ionization state of the plasma, a very useful line

ratio has been identified from the calculations described above. The ratio

of the intensity of the flourine like resonance line 2p5 2P 3/2 - 2p43s

S2 Sl/ 2 (15.21 A iron, 3.183 A tin) to that of the neon-like resonance line

2p6 1 S0 - 2p5 3s 3 P1 (17.051 A iron, 3.492 A tin) sensitively reflects the

ratio of flourine-like to neon-like ions. Figs. 6 and 7 present this

dependence for iron upon both hot electron fraction and cold electron

temperature. Approximately the same dependence is expected for tin, with 0

the densities scaled upward by a factor of 14 and the temperatures by a

8



factor of 5. For a hot electron fraction of 7.5%, a cold electron

temperature of 350 eV, and density 5.6 x 1021 cm -3 , we calculate the

emissivity of the neon-like diagnostic line at 3.492 A to be 20 J/nsec for 0

the plasmas expected to be produced with our proposed focal spot. This is

readily detectable and typical of the yields from K-shell argon lines 18

produced in microballoon implosions, whose wavelengths are very similar.

The somewhat smaller intensities expected from the flourine-like diagnostic 6

line are still easily detectable and quantifiable. The cold electron

temperature may also be diagnosed from continuum slope measurements coupled

with detailed opacity modeling.

Our second objective is the detection of gain at 118.2 A. To achieve

this, spectrometers covering the wavelength region could be aligned both

parallel and perpendicular to the elongated plasma. If gain is present,

the intensity of this line should be substantially greater when viewed

"end-on". Let g be the gain coefficient and S the line source function,

assumed uniform. If the plasma is characterized by a width w and length £

(in cm), the intensity along the length will be S (eg1) and along the

width S(egW-1), resulting in a length-to-width intensity ratio (egl-l)/

(egW-1). Assume for the moment that the plasma shape parallels that of

the focused beam: 0.01 cm x 0.25 cm (w - 0.01, 1 - 0.25). For a gain

coefficient of 3 cm-I, which should be readily achievable, the ratio of the

line intensity parallel to the length to that perpendicular to the length

will be (e0"75-1)/(e 0 "0 3-1) - 37. By contrast if no gain exists and

instead we have an absorption optical depth of 1 cm- 1 the ratio is easily

found through elementary radiative transfer theory as

-0.25 -0.01(1-e-  ) / (1-e ) 22.

Thus factor-of-two accuracy in this ratio will permit the detection of gain
-1

of - 3 cm as differentiated from a relatively small amount of

absorption. Detection of larger gains would be much easier. For both the

line ratio and the gain diagnostics, the spectrograph slit will be oriented

in such a fashion as to provide spatial resolution in the direction

perpendicular to the target surface. Thus, gain and ionization, reflecting

density variations and hot electron penetration, can be monitored

spatially.

9



We reemphasize that a detailed analysis of the actual experimental

results using a tin model similar to the iron model described in Reference

9 is crucial. Only in this fashion may quantitative deductions be obtained 0

through theoretical reproduction of the acquired tin spectra. Of equal

importance, if unexpected results are obtained, such detailed modeling is

virtually required to determine the physical cause of such anomalies. Of

course, the more complete modeling effort would involve the self-consistent 0

solution of the equations of radiation hydrodynamics for a proper

assessment of temperature and density gradient, shape, and size of the

important interaction region.

00
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Fig. 1. Simplified energy level structure for neon-like Fe XVII,

illustrating the rapid decay of the lower lasing state to

ground, and the much slower decay of the upper lasing state.

For this and the other Figures, approximate results for tin may

be obtained by scaling the iron densities upward by a factor of

14 and the temperatures by a factor of 5.
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Fig. 2. The steady state gain in the Fe XVII 2p 3s P C-2p 3p 1S0
transition is plotted as a function of the ratio of 800 eV

monoenergetic electrons to 70 eV thermal electrons, for the

indicated plasma conditions. The fraction of all ions in the

neon-like stage is also shown.
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Fig. 3. The steady state gain coefficient in the lasing transition of

Fig. I is displayed along with the fraction of all ions in the

Fe XVII state, as a function of cold electron temperature.

Other plasma conditions are as indicated.
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Fig. 5. The time dependent gain coefficent for the lasing transition of

Fig. 1 is plotted along with the neon-like ionic fraction and

ratio of 800 eV to 70 eV background electrons. A steady state

plasma is assumed at the hot electron pulse onset with a cold

electron density of 4 x 1O0  cm-.
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Fig. 6. Flour ine-t o-neon-l ike iron line ratio vs. hot electron fraction

for the indicated conditions.
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