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Measurements of Suprathermal Electrons in Hohlraum Plasmas with X-Ray Spectroscopy
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Nonthermal excitation of atomic states by suprathermal electrons was observed for the first time
within inertial confinement fusion hohlraum plasmas. The nonthermal excitation process results in
the simultaneous emission of the -y transition and thek-shell satellite series (lithiumlike through
carbonlike) which were observed on temporally resolved x-ray emission spectra. A quantitative analysis
with a time-dependent collisional-radiative non-Maxwellian model shows that these spectra can be
used to obtain temporally and spatially resolved measurements of the suprathermal electron fraction in
indirectly driven inertial confinement fusion targets. [S0031-9007(98)06604-6]

PACS numbers: 52.70.La, 52.25.Nr, 52.25.Vy, 52.58.Ns

Suprathermal electrons can cause degradation in the patistribution function with a temperature obtained from in-
formance of inertial confinement fusion (ICF) capsules bedependent measurements. The analysis of the emission
cause they preheat the fusion fuel which in turn resultspectra with time-dependent collisional-radiative model-
in a reduced compressibility of the capsule [1]. For indi-ing [14,15] shows that the hot electron fraction peaks
rect drive experiments, using frequency tripl8a{§ glass about 1 ns after the beginning of the 2.2 ns shaped laser
lasers to heat a high-hohlraum, highly energetic elec- beams. For these experiments, where Nova laser beams
trons with energies of 20—40 keV are primarily producedwithout beam smoothing were used, we observe a signifi-
by stimulated Raman scattering (SRS) [2—7]. Calculacant suprathermal electron fraction. The peak fraction is
tions show that for future ignition experiments, e.g., at thel0% at a distance of abo@00 xm from the laser beam
National Ignition Facility, the time-integrated hot electron spots. The time averaged fraction is 2% which is in agree-
fraction must be smaller than 15% for 20 keV electronsment with calculations based on measured SRS losses and
to avoid a reduction of the capsule gain [1]. Earlier meaindependent time-integrated filter-fluorescer [9,10] mea-
surements to quantify suprathermal electrons in hohlraumsurements of the suprathermal electron fraction using thin-
utilized an absolute determination of the Raman scatteredalled hohlraums [16]. Therefore, these results indicate
light or of the x-ray continuum emission. However, in that the present spectroscopic method is a useful diag-
some cases these techniques can yield ambiguous resutisstic for inertial confinement fusion experiments. It
as one requires knowledge of the electron velocity disis complementary to inner-shek -« spectroscopy [17]
tribution [8] and target opacity [9]. Further, these mea-which was applied to measure the (time-integrated) pre-
surements do not give spatially and temporally resolvedheat in laser-produced plasmas [18,19]. As pointed out in
information, e.g., near the fusion capsule where hot eledRefs. [17,19], the possibility of strong self-absorption of
tron measurements are most important. For these reasotie K -« satellites as well as radiation pumping complicates
it is essential to directly measure hot electrons in fusiorits applicability in high-temperature hohlraum plasmas.
plasmas. The present experiments were performed at the Nova

In this Letter, we present the first temporally and spadaser facility [20]. We used cylindrical methane-filled
tially resolved measurements of the suprathermal electrofCH4) hohlraums that wer@750 wm long with a radius
fraction in ICF hohlraums. These experiments show af 800 wm. This is a standard hohlraum that has been
clear correlation between the time histories of stimulatedised for capsule implosions, drive measurements, and vari-
Raman scattered light and of the hot electron fraction measus benchmarking experiments [21—-24]. The hohlraums
sured with x-ray spectroscopy [10—13] using titanium trac-were heated with 2.2 ns long shaped laser beams with a 3:1
ers mounted at various locations in a gas-filled hohlraumcontrast and a total energy of up to 27 kBat (351 nm)

The presence of highly energetic electrons in these plagsee below). We applied unsmoothed laser beams result-
mas gives rise to characteristic x-ray emission featuresg in SRS energy losses of about 100 J per beam. The
showing hydrogenlike resonance emission simultaneouslfaser beams enter the hohlraum at both ends through laser
with the emission of Li-, Be-, B-, and C-like satellite entrance holes 0600 uwm radius covered with 350 nm
lines on temporally resolved spectra. We observe thathick polyimide. They produce a fivefold pattern of ellip-
the intensity of the hydrogenlike resonance transition in Tiical, 700 um X 500 um large laser spots on each side
(1s25-2p 2P° or Ly-a) is more than 1 order of magnitude of the hohlraum at a distance @00 wm from the mid-
larger than calculated for a Maxwellian electron velocityplane. The spectroscopic tracer consisting of a mixture of
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titanium and chromium 00 um wide and 200 nm thick the temperature and density regime encountered in this ex-
was coated on a thi300 um wide CH strip. Two posi- periment shows thal, is high enough so that this method
tions of the foil were investigated in detail: a vertical foil is not sensitive to the presence of hot electrons in the
crossing the hohlraum axis at a distanc@d®d xm from  plasma. It means that the presence of hot electrons greatly
the center so that the foil is not heated by the laser beanaffects the Lya emission, but has a negligible effect on the
[Fig. 1, position )], but by electron conduction through He-« emission. For example, at= 7y + 1.1 nsthisratio
the CH plasma. The second experiment used vertical foilgivesT, = 1 keV for the titanium-chromium foil plasma.
at the same distance from the center £ pm off axis  Complete spectra simulations as shown in Fig. 2 and ad-
so that the foil is directly heated by two of the laser beamglitional measurements of the intensity ratio of the Ble-
[Fig. 1, position b)]. lines from titanium and chromium [29] verify this result.
We observed the titanium x-ray emission of 4.4-This value is slightly smaller than 1.5 keV of the surround-
5.2 keV (0.28-0.24 nm) spectroscopically with a temporaing CH plasma as measured with Thomson scattering [24],
resolution of 150 ps using a flat crystal spectrometer [25pecause the heating of the foil lags behind that of the gas.
coupled to a gated microchannel-plate detector using film The comparison of the experimental spectra with
[26]. Four successive spectra were recorded on a singleollisional-radiative model calculations clearly shows that
shot with a time gap of 500 ps between the spectra. In ththe experimental spectra are influenced by hot electron ex-
present study the wavelength resolutiondis/ A = 600. citation. Assuming a single Maxwellian electron velocity
Figure 2 shows four successive titanium spectra frondistribution with temperatures of 1-1.5 keV results in a
the foil which is indirectly heated by the gas. In particularcalculated relative intensity of the Ly-transition which is
we observe att = 1y + 1.1 ns the hydrogenlike Ly  at least 1 order of magnitude smaller than experimentally
transition, the heliumlike resonance line (de-i.e., the observed [e.g., the spectrum shown in Fig. 2(b)]. This
1s21S-1s2p 'P? transition) and intercombination line is demonstrated in Fig. 3 which shows the intensity ratio
(1s%'S-152p 3PY), the lithiumlike dielectronic satellites of the Ly-a lines to the sum of the Be-, B-, and C-like
(1s2€2¢'-1522¢"), berylliumlike satellites (s2¢2¢"-  n = 2 satellites as a function of the hot electron fraction
1s22¢m2¢=1 [n + m = 3]), boronlike satellites fﬁot. The calculations are performed for a distribution
(1s2€m2¢m-1522€m2¢" =1 [n + m = 4]), and carbonlike consisting of two Maxwellians—a thermal Maxwellian of
satellites (s2¢72¢"-1522€"2¢"~ 1 [n + m = 5]). As 0.6, 1, or 1.5 keV plus a hot Maxwellian of 19 keV which
the experimental spectrum is spatially resolved along thé consistent with filter-fluorescer [9,10] measurements of
height of the foil, we analyze the central, homogeneously
emitting part of the foil. All spectra have been corrected
for the wavelength-dependent instrument response, filter @
transmission, and crystal reflectivity. t=to+0.6ns
For a quantitative analysis of the spectra it is necessary
to estimate the electron temperatdig(or 2/3 of the av-
eraged energy) of the thermal electrons. The electron ve-
locity distribution function can be approximated by a cold
thermal Maxwellian distribution?,) plus a Maxwellian
tail of hot electrons Ty,) produced by SRS [3]. A stan- °
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(b) beams FIG. 2(color). Titanium spectra at= ¢, + 0.6 ns,t = ¢, +
(@) 1.1 ns,r =1t + 1.6 ns, andr = 1, + 2.1 ns along with syn-

thetic spectra (lower trace) using time-dependent collisional-
radiative modeling [14]. The spectra show the &yspectral
/ \ lines (0.2491 and 0.2497 nm), the Hetransition (0.261 nm),
the intercombination line (0.2623 nm), the lithiumlike satel-
FIG. 1(color). Schematic of a hohlraum target indicating twolites (0.264 nm), berylliumlike satellites (0.267 nm), boronlike
positions of the spectroscopic tracer. Only spectra from foilsatellites (0.268 nm), and carbonlike satellites (0.270 nm). The
position @) were applied to infer the hot electron fraction of the presence of the Ly transition at: = ¢, + 1.1 ns together
plasma. Spectra from both positions were used to investigateith beryllium-, boron-, and carbonlike satellites is due to
gradients of the electron temperature in the hohlraum. suprathermal electron excitation.
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10 ¢ ; T lations because hydrodynamic simulations [30] show that
: the heating and expansion of the foil is fast enough so that

[ Experimental 1 gradients of the foil plasma are not important. That is,
r Ratio at 1.1 ns /] for t =1+ 03ns<t<t=rt + 14ns, predictions
R SR S indicate that the foil expands to a diameter 50 um

] with an electron temperature profile which varies by less
than 20% over the volume of the foil. However, rat
to + 14ns<t <t =ty + 2.2 nsthe foil has expanded
1 significantly reaching colder parts of the hohlraum, then
] gradients are moderate: the electron temperatures varies
by less than 35%. For these later times, uncertainties in
the determination of’, and therefore of the hot electron
e : E— fraction become larger than fo_r the early time results. .
' I} ) A general good agreement is found between the experi-
fhot mental and synthetic spectra. The comparison (Fig. 2)
FIG. 3. Intensity ratio of the Lyx transition to the sum of SNows that within the first 0.6 ns of the experiment the foil
the Be-, B-, and C-liken = 2 K-a satellites as a function heats to abou®.8 = 0.2 keV. During this initial heating
of the suprathermal electron fraction. Calculations are showphase the hot electron fraction as inferred from the x-ray

for an electron velocity distribution function consisting of two spectra is rather small and reaches ab@ut- 1)%. At

Maxwellians with a cold part of 0.6, 1, and 1.5 keV and a hOtto +0.6ns<1 <1y + 1.1 ns, the SRS power loss mea-

t with ies of 19 keV. The shaded region indicates th . .
Pn{gas\f\grede?gglgfj fo + le'l ns. © shaded region IAICAes S red from asingle heater beam increases to 80 GW, and at

the same time the hot electron fraction raise®ta- 4)%

(Fig. 4) while T, of the foil plasma isl = 0.5 keV. For

¥> to + 1.1 ns the power of the heater beams increases
significantly,T, of the foil plasma increases#o+ 1 keV,

and the hot electron fraction as well as the SRS losses de-
crease. Finally, at = 1y + 2.1 ns the heater beams turn

Ly-o/ (Be-, B, C-like Sat.)

Te =0.6 keV

the x-ray bremsstrahlung emission. The electron densit
is n, = 10! cm™3 and the effective photon path length
is Ler = 200 um. These values are consistent with
hydrodynamic simulations of the experiment [30].

The theoretical intensity ratios (Fig. 3) as well as the
synthetic spectra (Fig. 2) are calculated with a fully time-

dependent collisional-radiative model [14]. Itincludes op- r . T - .
tical thickness, #, L, S, J)-splitting, and highly energetic
electrons for the solution of the level populations and sub- £ g} 180
sequent spectral synthesis. Rather than simply causing ag =
ya AR S =
shift in the ionization balance, the presence of suprathermal g ] o
electrons causes a wider distribution of ionization stages = 2
at our conditions. For the spectra calculations we define a % o 140 g
local suprathermal electron fraction 2 @
5 9]
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spectrum is sensitive only to the fraction of the hot elec-

trons, not to their energy. We have chodgp = 19 keV ':_,
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based on the time-integrated measurements of the brems-
strahlung emission [9,10]. In addition to the spectral
lines mentioned earlier the theoretical fits shown in Fig. 1
also include the following unresolved but overlapping 0
transitions: the heliumlike¢2¢/'-1s2¢’ and 2€3¢'-1s3¢’
transitions, lithiumliken = 3 and n = 4 satellites, and
nitrogenliken = 2 satellites. Also, the heliumlike¢2¢’-  FIG. 4. Suprathermal electron fractigff, inferred from the

; ; . i titanium spectra shown in Fig. 2 as a function of time (—).
il:jﬁg,:éellltes on the red wing of the Ly-transition are A clear correlation with the SRS losses (- - -) measured from

. . L . a single heater beam is observed (a). Also shown is the
We can justify comparing the emission of the indirectly incident laser power from a single heater beam (b) and the
heated foil [cased) of Fig. 1] with these kinetics calcu- time-integrated bremsstrahlung spectrum (c).
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off, the temperature further decreased ta 0.5 keV, and temporally resolved SRS measurements and of the hot
SRS losses and the hot electron fraction diminish. We notelectron fraction from x-ray spectroscopy. The present
that similar data analysis yields 0.5—1 keV higher electrormethod will be a useful diagnostic for the plasma condi-
temperatures for the directly heated foil. Thus, the sateltions in future inertial confinement fusion experiments
lite series was not observable and it was not possible to in- We thank R. K. Kirkwood for helpful discussions. Par-
fer the hot electron fraction with reasonable accuracy fromial support was provided by the Deutsche Forschungsge-
these experiments. sellschaft under Contract No. Ro 8461. This work was
Figure 4 shows the temporal evolution of the hot elecperformed under the auspices of the U.S. Department of
tron fraction inferred from the spectra synthesis. The indeEnergy by the Lawrence Livermore National Laboratory
pendently measured SRS losses as well as the incident laserder Contract No. W-7405ENG48.
power are shown for comparison. A correlation between
the hot electron fraction and the SRS signal is apparent.
The error bar for the hot electron fraction is in the range of
(25-50)%. Other parameters such as the electron densit{/l
and opacity are obtained self-consistently from the spectral?
They compare well with the results of the hydrodynamic
modeling and with calculations based on the initial condi-
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