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This paper reports on the indirectly-driven implosion experiments on SGII laser facility in which Ar emission

spectrum from Ar-doped D-filled plastic capsule is recorded with the crystal spectrometer. Spectral features of Ar

Heβ line and its associated satellites are analysed to extract the electron temperature and density of the implosion

core. Non local thermal equilibrium (NLTE) collisional-radiative atomic kinetics and Strark broadening line shape are

included in the present calculation. By comparing the calculated spectrum with the measured one, the core electron

temperature and density are inferred to be 700 eV and 2.5 × 1023 cm−3 respectively. With these inferred values of

electron temperature and density, neutron yield can be estimated to agree with the measured value in magnitude despite

of the very simple model used for the estimation.
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1. Introduction

In recent years, much works have been devoted to
the researches of inertial confinement fusion.[1] Under
the scheme of central ignition, a hot spot is formed
by symmetrical ablative compression of the gas-filled
capsule. Understanding the conditions in the hot spot
is essential for us to understand the implosion physics
as well as the numerical simulation results.[2] Usually
there are two effective ways to obtain information on
the implosion core, one is the measurement of nuclear
reaction productions, and the other is spectroscopic
diagnostics. In neutron diagnostics, secondary neu-
trons could be used for the determination of the im-
ploded fuel areal density,[3] and the neutron energy
spectrum width could be used to infer the ion temper-
ature in the hot spot.[4] But in current experiments,
relatively low neutron yields limit the applications of
these methods. Instead, spectroscopic diagnostics is
used as the other way to study the hot spot conditions.
This method consists of adding small concentrations
of mid-Z dopant into the fuel, and measuring the K-
shell emission at the collapse of the implosion. In the
case of our experiments, 1% Ar of atomic number is
seeded in the capsule and time-integrated spectrum
is recorded with the crystal spectrometer. As men-

tioned by Hammel,[5] the intensity ratio of the Heβ
line to its associated satellites is sensitive to the tem-
perature, and the shape of Heβ line is sensitive to the
density. So we have analysed the spectral features
of Heβ line and its associated satellites, namely Heβ
complex, to extract electron temperature and density
in the hot spot. Comparing with the work in Refs. [6]
and [7], we have got rid of the assumptions of local
thermal equilibrium (LTE), which is unlikely the real
situation in the hot spot, by using a non-LTE colli-
sional radiative model to calculate the level popula-
tions. We also explicitly include the effects of electron
collisional broadening in our calculation instead of an
approximated way to improve the accuracy in the cen-
tral portions of the line profile.

2. Experimental details

The indirectly-driven implosion experiments dis-
cussed here were performed on SGII laser facility. As
shown in Fig. 1, the incident laser energy with to-
tal energy of 2 kJ is directed into a gold cylindrical
hohlraum and converted to x-rays which are used to
drive a capsule with a plastic ablator. The hohlraum
is 1200 µm in length, 800 µm in radius, and with a
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diagnostic hole on the side. A slit of 13 µm width
is placed in the front of the diagnositc hole to pro-
vide a spatial resolution of 14.5 µm in the observed
energy region. The capsule has an initial diameter of
220 µm, a plastic wall of 15 µm, and is filled with
1.5 mg/cm3 of DD and 1% Ar at atomic level. Ar K-
shell emissions are dispersed with polythylene tereph-
thalate (PET) crystal onto TJ-III films with spectral
resolving power λ/∆λ of ∼500. We digitized the film
with densitometer and corrected the sensitivity of the
film. Thus, from the obtained time-integrated and
space-resolved spectrum, we can see that the spatial
size of the emission core is approximately 20 µm in di-
ameter which is comparable to the spatial resolution.
Since the detailed structure of the implosion core can-
not be well resolved, only the space-integrated spec-
trum is involved in the following disscusion.

Fig. 1. Experimental configuration. Eight laser beams, 4

per laser entrance hole (LEH), are directed into the gold

cylindrical hahlraum with total energy of 2 kJ.

3. Data analysis

Figure 2 shows a typical space–time integrated
spectrum recorded in our experiments. The Heα, Heβ,
Heγ, and Lyα line are identified. The peak on the blue
side of Heβ is unlikely emitted by Ar ions, may come
from the Au plasma near the diagnostic hole. Since
the intensity of Lyα is relatively small, it is reasonable
to think of a low temperature in the implosion core.
This deduction can be further proved by the evident
appearance of satellite features, and is consistent with
the calculated results. In order to obtain a further
insight into the measured spectrum, we use a model
including nonequilibrium collisional-radiative atomic

kinetics and Strark broadening line shape to analyse
the Heβ complex which is estimated to be optically
thin. Detailed model description will be given below.

Fig. 2. Typical measured spectrum. The spectrum is

recorded with spectral resolving power of ∼500.

The NLTE model[8] includes ionization stages
from fully-tripped ions to N-like ions. Only ground
states are included for ionization stages beyond B-like
ions, while for other ionization stages singly excited
states are included up to n = 5. Since high order
satellites have significant effects on the line shape of
red wing, doubly excited states of 2lnl′ (n = 2, 3,
4) and 3lnl′ (n = 3, 4) are considered for He- and Li-
like ions. All the atomic parameters, like energy levels
and cross sections of various transition processes, are
calculated by Flexible Atom Code (FAC)[9] in which
atomic structure is calculated by Dirac–Fork–Slater
methods with configuration mixing. Level popula-
tions are then obtained by solving the rate equation in
steady state approximation. The line intensity ratios
of the satellites to the Heβ line are shown in Fig. 3 as
a function of electron temperature for electron density
equal to 2.5× 1023 cm−3.

Fig. 3. Line intensity ratios of satellites to Heβ line as

a function of electron temperature for electron density of

2.5× 1023 cm−3.
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Stark broadening shapes are calculated for Heβ
resonant line, while profiles of its satellites are approx-
imated by Lorentz profile with the same full width at
half maximum (FWHM) as the resonance line. The
spectral line broadening calculation is based on a re-
laxation theory developed by Smith.[10] The primary
broadening mechanism considered here is the inter-
action between a radiating atom and the electric field
produced by surrounding ions and electrons. Since the
perturbing ions can be regarded as stationary during
the emission process, the effects of perturbing ions on
the radiating atom can be approximated by ion mi-
crofield which is calculated by Hooper’s[11,12] method.
Electron collisional broadening is treated without im-
pact approximation,[13] and can be regarded as a re-
sult of the quadratic Stark interaction between the
electron microfield and the radiating atom. Elec-
tron correlations,[14] and distortions of plane wave-
functions of free electrons[15] by charged radiating ions
is also considered. Atomic parameters needed in the
line profile calculations, like transition energy, sponta-
neous emission rate and radial wavefunctions, are also
calculated by FAC. The transition matrix elements
of multi-electron ions are calculated via the Wigner–
Eckart theorem[16] using wavefunctions produced by
FAC. Figure 4 shows the areal normalized profiles of
Heβ line shape with different electron densities. These
profiles have convolved with instrument broadening
about ∼3 eV in FWHM and are insensitive to varia-
tions of electron temperature.

Fig. 4. The areal normalized profiles of Heβ line shape

with different electron densities. These profiles have

convolved with instrument broadening about ∼3 eV in

FWHM and are insensitive to variations of electron tem-

perature.

Before comparing the calculated spectrum of Heβ
complex with the measured one, self-absorption effects
is considered by radiation transfer in uniform plasma

with plane geometry.

I(hν) = S(hν)(1− e−τ(hν)),

where S(hν) = j(hν)/κ(hν) is the source func-
tion. j(hν) and κ(hν)are the emission coefficient and
absorption coefficient respectively. The absorption
length used for the calculation of τ(hν) is approxi-
mated to be the average chord length of the hot spot
whose diameter can be estimated by assuming spher-
ical implosion and mass conservation.

In order to find the conditions on which the mea-
sured spectral features of Heβ complex can be best
fitted, we performed calculations on Ne–Te grids using
NLTE populations and Stark broadening line shape.
The best fit is found with electron temperature and
density equal to 700 eV and 2.5 × 1023 cm−3 respec-
tively, and is shown in Fig. 5.

Fig. 5. Synthetic spectrum calculated with Ne = 2.5 ×
1023 cm−3, Te = 700 eV. The measured spectrum is best

fitted.

We also show in Fig. 6 individual contributions
of each line transition to the composite spectra. High
order satellites contribute significantly to the Heβ red
wings, and is necessarily considered to properly de-
scribe the measured satellite features.[17] We believe
that the accuracy of the inferred electron temperature
is about 30% according to the comparison between our
calculated line ratios with that obtained by Keane,[18]

while the accuracy of the inferred electron density is
about 20% according to Regan’s comments[19] on this
diagnostic method and comparison between our calcu-
lated Heβ profile with Mancini’s one.[20] All the con-
clusions on the accuracy mentioned above are proper
when only the method uncertainties for level popula-
tion and line profile calculations are considered. Ex-
perimental uncertainties, like film responses and uni-
form plasma assumptions, are not addressed in the
present work.
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Fig. 6. Individual contributions of each line transition to

the composite spectra on the condition of best fit. High or-

der satellites contribute significantly to the Heβ red wings.

As a rough check of the inferred electron tempera-
ture and density in the hot spot, we use a simple model
to estimate the neutron yield and compare it with the
measured one. The neutron yield can be estimate as
follows:

Yn =
1
2
N2

e 〈σV (Te)〉 τ ∆Vh,

∆Vh =
4
3
R3

i ρiNA/(NeM) = 1.26× 1024 ρiR
3
i

Ne
,

where ρi(g/cm3) and Ri(cm) are the initial filled gas
density and the initial radius of the capsule respec-
tively. Since the measured neutron yield is relatively
small, burning efficiency of D ions must be very small
which makes the assumption of constant ion density
to be justified. The ion temperature is taken as the
electron temperature, and the ion density is assumed
to be uniform in a spherical hot spot. The burning
time (τ) is estimated to be 100 ps,[21] which is the

confinement time of the capsule. The averaged cross
section is taken from Ref. [21]. At last, we notice that
the estimated neutron yield is 2.25×105 which agrees
the measured one 1.8 × 105 in magnitude despite of
the very simple model used for the estimation. We
should notice that the ion temperature in the hot spot
is always higher than the electron temperature accord-
ing to simulation results.[21] Since the cross sections
are sensitive to the ion temperature, so the estimated
neutron yield should be even larger when the ion tem-
perature instead of electron temperature is used for
the estimation. We also neglect the temperature and
density gradients as well as their transient properties
in our estimation. These effects will be considered in
detail in further works.

4. Summary

By analysing the Heβ spectral features, we in-
ferred electron temperature and density in the im-
plosion core. In modeling the measured spectrum,
nonequilibrium collisional-radiative atomic kinetics
and Stark broadening line shape are included and
fairly good agreement is achieved. But currently,
spatial gradients as well as time evolutions of the
hot spot are not modeled yet. The difference be-
tween time-space averaged calculations with the time-
space resolved ones will be investigated in future work,
and comparisons with results from radiation hydrody-
namic simulations will be made. Besides, we will also
devote to the satellite profile calculation and model
the continuum spectrum.
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