PHYSICAL REVIEW E 114, 015205 (2026)

Spatially resolved temperature measurement and axial thermal transport assessment

of magnetized-liner-inertial-fusion burning plasmas
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In a series of magnetized-liner-inertial-fusion experiments performed at the Z pulsed power facility of Sandia
National Laboratories, beryllium liners filled with deuterium gas densities between 0.7 to 1.4 mg/cc and a
tracer amount of krypton were imploded. At the collapse of the cylindrical implosion, electron temperatures
in the 2—4 keV range and deuterium ion number densities of ~10%>* cm™> were expected. Spatially resolved
krypton K-shell line emission was recorded with a time-integrated transmission crystal x-ray spectrometer.
The spatially resolved data showed n = 2 — 1 line emission from Be-, Li-, and He-like krypton ions and are
characteristic of the highest electron temperatures achieved in the thermonuclear plasma. Detailed modeling of
krypton atomic and radiation physics demonstrated that the spectrum is electron temperature dependent, thus
allowing for axial temperature distributions to be extracted from the data. Additionally, the electron density (as
well as the ion density) of the deuterium compressed plasma was estimated from the relative distribution of
narrowband intensity between regions along the z axis. The measurement of axially resolved temperature and
density distributions enabled an assessment of thermal transport along the axis of the burning plasma, showing
that it proceeded at a much faster rate than local cooling by bremsstrahlung emission. Furthermore, from the
pressure distribution, the rate of residual kinetic energy associated with axial plasma flow was evaluated as well.
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I. INTRODUCTION

Magnetized-liner-inertial-fusion (MagLIF) is a concept for
controlled thermonuclear energy production [1]. This scheme
differs from traditional inertial confinement fusion (ICF) tech-
niques by relaxing certain constraints that hinder both direct-
and indirect-drive experiments. For example, the spherical
geometry currently used in both direct- and indirect-drive
ICF schemes requires implosion velocities around 30 cm/us
[2]. MagLIF eases this constraint by imposing an axial mag-
netic field to limit the energy losses due to radial electron
thermal conduction. The required implosion velocity drops
to roughly 10 cm/us if the fuel is also first preheated to a
few-hundred eV.

Thermonuclear conditions are achieved by compressing
deuterium fuel within a cylindrical beryllium liner with a
height of 10 mm and a diameter of ~5 mm driven by the
Z-machine. There are three distinct stages. First, a ~10 T
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external axial magnetic field produced from pulsed-coil mag-
nets forces the deuterium to gyrate about the magnetic field
lines which are aligned with the axis of the cylinder [3]. This
serves to limit the thermal conduction and heat losses from
the fuel along the radial direction. Second, the temperature of
the deuterium fuel is increased to roughly 500 eV by coupling
laser energy from the Z-beamlet laser to the fuel through the
top of the beryllium liner [4—6]. Lastly, the Z-machine drives a
~20 MA current along the surface of the liner, inducing a
J x B force to implode the Be liner, compressing the deu-
terium fuel to thermonuclear temperatures and pressures.

The performance of an ICF experiment depends on the
balance of different forms of energy. For MagLIF, the energy
balance equation is given by

dUu
dt

where U is the total energy in the compressed plasma, Py
is the laser preheat rate, P,qy is the work rate done to the
fuel through compression, P, is the heating rate due to «
particles, P,,q is the cooling rate via bremsstrahlung emission,
P, is the cooling rate due to conductive losses, Peyq is the
energy loss rate for the deuterium fuel escaping out of the
ends of the liner, and Py covers all energy source and loss
mechanisms that have not been considered in Eq. (1), such
as losses due to mixing of liner material into the core and
residual kinetic energy (RKE) [7]. To maximize the energy
produced in a MagLIF implosion, it is of great importance

= pre+deV+Pa_Prad_Pc_Pend+P0[herv (1)
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to regulate and minimize the loss mechanisms in the plasma,
which are denoted with minus signs in front of the terms in
Eq. (1). Quantitative, nonintrusive ways to determine the value
of these terms gives insight into the relative importance and
magnitude of the losses and allows for further investigation
into methods to mitigate its behavior. Additionally, the RKE
associated with fluid motion in the implosion core plasma has
been of recent interest in ICF experiments [8,9]. In this work,
data from axially resolved spectroscopic observations permit
an evaluation of axial thermal transport, bremsstrahlung emis-
sion, and RKE trapped in axial flow in the column of burning
plasma.

Currently, MagLIF has achieved ion temperatures of
~3keV and ion densities of ~1 x 10?*/cc. Diagnosing
the ion temperature of these experiments through neutron
time-of-flight measurements is informative; however, these
measurements are often subject to a high degree of variability
depending on the lines of sight of the diagnostic and the
motion of the plasma. The electron temperature of a plasma
is a valuable quantity as it provides a more direct understand-
ing of the thermal state of a high energy density experiment
[10]. Determining the electron temperature allows for an un-
derstanding of thermal equilibrium when compared to the
ion temperature. Also, knowledge of the temperature and the
density provides insight into the energetics of the imploded
plasma. One method of determining the electron temperature
in fusion experiments is through x-ray tracer spectroscopy,
where a small amount of a higher Z material is mixed uni-
formly with the deuterium fuel prior to the implosion and
having it follow along with the deuterium as it reaches final
temperatures and densities. Previously, argon was used to
diagnose the preheat phase, and a two-dimensional, i.e., axial
and radial electron temperature, distribution along the length
of the liner was obtained [5,6]. However, during the implo-
sion phase of MagLlIF, the temperature is expected to reach
>2keV. In this temperature range, argon becomes too highly
ionized and loses its diagnostic utility. Alternatively, krypton
has been shown to diagnose the conditions of ICF experiments
in the range of 2-5 keV [10-12]. The spatially resolved nature
of the data collected with the spectrometer in the experiments
discussed here allows for axial electron temperature and den-
sity spatial profiles to be measured. In turn, this permits a
further investigation into an energy analysis at stagnation,
including axial thermal transport (P,), bremsstrahlung power
emission (Pr,q), and the pressure distribution driving the RKE
associated with axial plasma flow.

Here, we present the results obtained from krypton K-shell
x-ray spectroscopy in MagLIF implosions at Z. We model the
emergent krypton line intensity distribution to fit the data with
the theoretical spectra. Once the temperature distribution has
been determined for a shot, the electron density distribution is
found based on the relative narrowband intensity between the
different axial regions. Then, we use these temperature and
density distributions to assess axial thermal energy transport,
bremsstrahlung emission, and RKE in the burning plasma.
The paper is organized as follows: Sec. II discusses the details
of the experiments that have included krypton as a spectro-
scopic tracer, Sec. III explains the method in which we model
the krypton emission in MagLIF implosion experiments, Sec.
IV discusses the procedure with which we determine the

TABLE I. Details of shots with a krypton tracer. Liners for shots
73371 and Z3377 had a 72 micron plastic coating applied to the
external surface of the liner.

Shot Fill density Kr concentration Wall thickness

(mg/cc) (ppm) (mm)
73079 0.7 5.5 0.465
73123 0.7 55 0.465
73143 1.05 5.5 0.465
73210 0.7 5.5 0.465
73371 1.4 3.0 0.318
73377 1.4 3.0 0.318

conditions of the experiment, Sec. V describes the thermal
flux implied by the previous results and RKE, and, lastly, Sec.
VI presents conclusions.

II. KRYPTON-DOPED MAGLIF EXPERIMENTS AT Z

In this work, we discuss six MagLIF experiments that
included krypton gas mixed with deuterium fuel for diagnostic
purposes. The amount of krypton gas in the fuel was between
3.0 and 5.5 ppm. The motivation for such a small amount
was to affect the neutron yield as little as possible while also
providing a small optical depth of the krypton Hex spectrum
(<0.1). The dimensions of the beryllium liner were 10 mm
in height with an inner diameter of 4.65 mm. The axial mag-
netic field utilized to inhibit the radial thermal transport of
the fuel radially was 10 T across all six shots. Prior to the
collapse of the liner, the Z-beamlet laser preheated the fuel
to ~500 eV. The same nominal current drive of 17 MA was
applied to the surface of each liner. The parameters that var-
ied between the six shots are the initial fill density of the
deuterium, the concentration of the krypton gas, and the wall
thickness of the Be liner. These values are shown in Table 1.

As the liner compresses and heats the fuel, the kryp-
ton ionizes and emits K-shell radiation in the energy range
of 12.8-13.2 keV, which includes the Hean =2 — 1 tran-
sition and satellite lines in Li- and Be-like krypton ions.
For each shot, the emission was collected with the axially
resolving, compact, rugged, in-chamber, transmission-type
(CRITR-AR) spectrometer [13]. The instrument uses a quartz
10-11 transmission-type cylindrically bent crystal to spatially
and spectrally resolve photons in the range of 7-28 keV. The
data are collected on a Fuji TR image plate with an intrinsic
resolution of 75 um [14]. Near the krypton Hea spectral
feature, the CRITR-AR spectrometer has a resolving power
of ﬁ ~ 750, which is sufficient for detailed spectroscopic
analysis. The instrument provides an axial resolution of
~0.5 mm, allowing for a spatial analysis of the conditions
reached in the compressed fuel. Additionally, each shot
fielded diagnostics to record total neutron yield. An exam-
ple of the krypton K-shell line emission recorded with the
CRITR-AR spectrometer is shown in Fig. 1, along with the
lineout of region 4.

While the spectrometer is able to record emission across
the entire length of the liner, only in specific areas does the
krypton reach temperatures that are hot enough to emit K-shell
radiation. We can see from Fig. 1 that there is bright emission
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FIG. 1. Image of shot Z3377 with axially resolved regions de-
noted with green boxes. The image on the left is the spectra as
collected via the image plate. The red dotted lines on the lower and
upper ends of the image denote the 0 and 10 mm positions of the
liner, respectively. The plot on the right shows the lineout of region
4. The three-peak structure of the Hew spectral feature is displayed
with the black dotted line indicating the Hea resonance line on the
high-energy end of the spectrum. The underlying continuum is seen
slightly decreasing from left to right. The central peak is dominated
by Li-like transitions and the He-like intercombination line, while
the peak on the low-energy side is mainly due to Be-like transitions.

near the top of the liner (i.e., near the laser entrance hole), but
almost no observable emission as we look further down the
length. Accordingly, we can extract a collection of spatially
resolved spectra associated with each one of these bright
regions, but we cannot assess the regions that lack sufficient
krypton K-shell emission. The regions where the spectra can
be analyzed are labeled in increasing numerical order from
top to bottom.

III. KRYPTON ATOMIC PHYSICS MODEL

The goal is to compare the experimental data to the theo-
retical emission of krypton across a range of relevant electron
temperatures and densities. First, each shot is grouped into
regions that align with the spatial resolution of the instrument
and capture intensity changes along the axis of the plasma
column. The data allows between 5 and 7 regions to be identi-
fied, depending on the experiment. The spectra of each region
are then integrated along the length of the vertical direction
to produce lineouts. We isolate the krypton line emission
by removing the underlying continuum from each shot. The
experimental continuum is fit to an exponential function by
fitting the slope on each side of the krypton line emission
along with a curve that is one standard deviation above and
below the best fit. This provides a preliminary estimation of
the temperature as well as a source of uncertainty due to back-
ground determination that will be incorporated later in the
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FIG. 2. Plots of the emergent intensity distributions of krypton
K-shell emission at various electron temperatures and densities. The
top plot shows the sensitivity of the spectrum to electron temperature
with density held constant at 1 x 102} /cc. The bottom plot shows the
lack of sensitivity to electron density in the krypton Hew feature with
temperature held constant at 3000 eV. Both figures have been normal-
ized to the Li-like feature at 13051 eV for illustrative purposes.

analysis. A detailed explanation of this process is described
in Appendix.

An emergent intensity distribution (EID) for a collection
of electron temperatures and densities is needed to compare
to the experimental data. The theoretical spectra are produced
via integration of the radiation transport equation along the
line of sight of the spectrometer. Photon-energy resolved
emissivities and opacities are calculated via the procedure
outlined in [15].

The line shapes are calculated with the multi-electron radi-
ator line shape (MERL) code, which allows for the effects of
Stark broadening to be taken into consideration [16]. We can
identify the prominent He-like, Li-like, and Be-like emission
from the experimental data. Thus, line shapes are calculated
for the Hea resonance and intercombination lines, Li-like
n = 2, 3, 4 satellites, and Be-like n = 2 satellites. While the
Stark broadening of the line shapes is dependent on the
electron density of the plasma, these experiments have not
reached electron densities large enough to significantly impact
the data.
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The Einstein coefficients for each transition are com-
puted with the Flexible Atomic Code (FAC) [17]. The
upper and lower state level populations are obtained from
a PrismSPECT calculation [18]. The PrismSPECT atomic
and radiation physics model is used to compute the kryp-
ton level populations at conditions relevant to the expected
stagnation conditions of MagLIF implosions. The model in-
cludes over 8000 levels from H-like through Ne-like ions
of krypton. The program solves the collisional radiative sys-
tem of atomic kinetics rate equations in order to obtain
the level population distribution. This includes contribu-
tions from the following atomic processes: electron colli-
sional excitation-deexcitation, electron collisional ionization-
recombination, radiative recombination, spontaneous emis-
sion, photoexcitation-stimulated emission, photoionization-
stimulated recombination, and autoionization-dielectronic re-
combination. The calculation is run under a uniform slab
geometry with a thickness of 67.5 um and a deuterium and
krypton concentration determined by the experimental filling
conditions. The thickness of the slab was chosen based on
the average chord length through a circle with a radius equal
to that of the stagnation column of 50 um as extracted from
x-ray images in MagLIF implosions [19]. The independent
variables are electron temperature and electron density. The
EIDs for various electron temperatures and densities after
convolving with the instrumental broadening are shown in
Fig. 2. The synthetic spectra show a high degree of sensitivity
to electron temperature, but very little sensitivity to electron
density. In the range of densities achieved in MagLIF im-
plosions, there is little to no effect on the krypton K-shell
line shapes due to Stark broadening. Therefore, the relative
intensity distribution of the krypton Hew spectral feature
can be used to determine axial temperature distributions,
but a different method is needed to determine axial density
distributions.

We note that to account for small differences in the lo-
cation of transition energies between the model produced in
EID and the experimental spectra, the emission from each
charge state is allowed to block-shift in photon energy to more
closely match the experimental line transitions. This is done
to compensate for the spectral calibration of the instrument to
better match the theoretical transition locations. The emission
of each charge state is shifted no more than 5 eV in either
direction, which is less than 0.1% of the original position of
the levels, so the corrections are quite small.

IV. DATA ANALYSIS

The synthetic spectra are sampled against the spatially re-
solved spectra for each shot to find the electron temperatures.
A standard, weighted x2 minimization procedure is used to
determine the temperature that best represents the experimen-
tal data. The probability distribution for a measurement of 7,
is given by

P(T,) o e /2, 2)

where x2 = > (al,; — I,,l-)z/oiz, a is a scaling constant to
convert from the units of the experimental data to the units of
the EID, I, ; is the data point of the experimental spectrum, /; ;
is the data point of the EID, and o; is the uncertainty of a data
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FIG. 3. Fit to data and reduced x? value (top), and probability
distribution (bottom) for region 1 of shot Z3377. The top plot shows
the experimental data in blue and the best-fit spectrum from the EID
in orange. The plot below shows the resultant probability distribution
in blue. The dotted black line is the most probable value of 7, and the
dotted orange line is the FWHM of the distribution.

point in the experimental spectrum. The uncertainties are de-
rived from the fluctuations about the mean in the experimental
spectrum through an iterative procedure and accounting for
the Poisson statistical nature of the signal recorded in these
experiments [20]. Assuming that the probability distribution
is Gaussian (which is a good approximation in our case), the
peak of the distribution is the most probable value of 7, and
represents the best estimate of the measurement of 7,. The
full width at half maximum (FWHM) of the distribution is
~2.40, where o is the standard deviation. We take the upper
and lower uncertainties as the half width at half maximum
(HWHM) of the distribution. Hence, the error bars give
a 76% confidence interval that the measurement is within
this range.

The best-fit temperature to the experimental spectrum and
its associated probability distribution for region 1 of shot
73377 is shown in Fig. 3. We can see that the theory and data
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FIG. 4. Image of shot Z3377 with axial temperature distribution
values and associated uncertainties.

are in good agreement. The HWHM of the probability distri-
bution is used as the contribution to the overall uncertainty
due to data statistics, while the other source of uncertainty
comes from the continuum subtraction of the data. The upper
and lower bounds of the continuum level are also fed into the
minimization procedure and provide slightly different best-fit
temperatures. The full axial temperature distribution for shot
73377 along with an image of the data are displayed in Fig. 4.
Since the amount of krypton in the liner is of the order of
parts per million, all of the transitions, including the Hewx
resonance line, have small optical depths and therefore the
effect of radiation transport is small.

Although the relative intensity distribution of the krypton
Heo feature is quite insensitive to electron density (see Fig. 2),
we can still find useful density information in the photon-
energy integrated intensity across the Hea spectrum. Indeed,
the narrowband intensity of this spectral feature is a function
of temperature and density, as shown in Fig. 5. Hence, once
the temperatures have been determined, a relative distribution
of electron densities can be extracted from the ratios of nar-
rowband intensities between regions. Furthermore, absolute
densities can be determined if a suitable constraint is applied.
To this end, we constrain the average density to match an
estimate obtained from a mass conservation argument based
on initial filling conditions and size of the stagnated plasma
column from imaging measurements.

This idea for electron density determination can be ef-
fectively implemented in an iterative algorithm. First, the
narrowband intensity of each region in the data is calculated.
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FIG. 5. A plot of integrated narrowband intensity values for dif-
ferent temperatures and densities. The integration is from 12.85 to
13.15 keV, covering the complete krypton Hea spectral feature.

For example, shot Z3377 has a set of seven narrowband in-
tensity values. As a starting point, an initial density value
is chosen for one of the axial regions. Then, the theoretical
narrowband intensity for that region can be calculated since
we know both the temperature and density. The density is
obtained by setting the theoretical narrowband ratio equal
to the ratio between two regions in the data. The algorithm
provides a set of axially resolved ion density values. These are
then averaged and compared to the estimated average density.
The initial density is iterated until the constraint is satisfied.
A flow chart of the algorithm is seen in Fig. 6. This algorithm
is repeated by selecting other regions as the initial region in
order to check the uniqueness and consistency of the solution
found for the distribution of densities. We note that because
the deuterium fuel dominates the composition of the plasma

D

Choose initial z;
region and assign
density n;.

i

Calculate

-

Adjust n;. R [ lexp(zjhv)dhy
€ [ loxp(zjrhv)dhy

[
- |

Set Rexp = Rines

[ Iehe(Tmjhv)dhy
where Rene = f o hv)dhy'

Find n;, that solves
the previous equality
for all j

FIG. 6. Flow chart describing the iterative algorithm to deter-
mine the axial electron density distribution. Here, n; refers to the
initial density value for the algorithm, 7, is the emissivity weighted
average electron density for the entire axial range, and n,,. is the
electron density found through the mass conservation argument.
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TABLE II. Temperature, density, and energy results. The shot number and the region numbering are shown in the two leftmost columns.
The axially resolved electron temperature, electron density, pressure, thermal flux rate, bremsstrahlung power emission, and rate of residual
axial kinetic energy produced from the analysis are shown in the right columns. Note that the rate of change of residual axial kinetic energy
and thermal flux are in units of terawatts, while bremsstrahlung emission is in gigawatts.

T, ne Pres. Therm. flux Brem. em. R.O.C. of RK.E. Length
Shot Region eV) (No./cc x 10%) (GBar) (TW) (GW) (TW) (mm)
1 2500%1% 3.96%03%¢ 2.66705) —1713 221%4) 107538 1.0
2 2050*13% 0.76701 0.5070 05 +235%3¢ 10.5%33 4.0573 0 1.3
73079 3 2800120 0.287049 0.25%0% —598132 1.92%13] 29.5132¢ 1.5
4 2200*1%9 5.33+033 3.76193 +655%33 370*8 9.27+035 0.9
5 2750*2% 0.17+5:03 0.15+5:0 409737 0.47+028 59.7+818 1.0
1 2850713 1.60752 1467028 —5613 63.27%3 0.48753% 1.5
2 2750%3% 2.714539 2.394039 +56*3 142435 0.33%030 12
73123 3 2750*1% 2.59192 2.28792 —125%], 21749 0.09*048 2.0
4 2450113 1.95%01 1.53%013 -527], 81793 0.08*00% 1.4
5 2250113 1.65%0 13 1.19%01¢ —74%] 52413 0.06100% 1.3
1 2950+2% 517494 4897070 ~507] 2687} 254429 0.6
2 2900*1% 184708 1714058 +50*] 56.2F1¢ 20.775) 1.0
73143 3 29001210 3.6010% 3347934 —128*1 17213 263138 0.8
4 2750413 2.7779% 2.44792¢ —150*1 99+77 0.0375:% 0.8
5 24007330 2.33791¢ 1.79%932 —278*2 82+13 021793 1.0
1 2750135 0.4470:43 0.3910.13 —15712% 31350 0.0610:08 1.0
2 2500133 0.3170%8 0.25%0% —89120 1.48%077 51.075 1.0
3 2400113 4677038 3.59103% —69113 329733 6.581732 1.0
73210 4 24007130 3.867031 2977930 0 270" 0.521938 1.2
5 24007130 491103 3.775% 326128 255138 4701328 0.7
6 28507130 0.417518 0377549 +385%8 2771140 30.975%4 1.0
7 29007190 0.10+02! 0.09+920 —4173 0.2%0] 1,03+ 1.0
1 27501319 2.57%03] 2.26%03 +200732 139149 15.27109 1.3
2 3000113 8.06M07¢ 7.75108 —256122 1210732 14.1713% 1.1
73371 3 2950+3% 3.0640% 2.89%031 +6871% 157+11_—31 9.461%8° 1.0
4 33507159 1.107511 1187513 —840™% 2473 45.11559 1.1
5 315010 5.59%018 5.64103 —296*% 504+% 81231 1.1
6 23501319 4.75%93 3.58104 +502+33 337155 0.8110% 1.0
1 3550* 1% 2.4610¢!1 2.84107 —240*17 56128 2.131277 0.5
2 3450* 160 3.92701% 4.33000 +20*16 22213 1747153 0.8
3 330015 3.907913 412104 —167% 18813, 0217922 0.7
73377 4 3050*13% 4.54709 4.5170% +2415 21219 0.34703 0.6
5 2800113 4.55404] 4.08+03] +4117 203*35 L4143 0.6
6 2800113 5.92+038 531104 +36673) 3438, 321138 0.6
7 2250133 4047028 3.7 —-36613 124118 2,663 0.5

and the minimal amount of krypton in the liner, n, = n;. A
complete list of the temperatures and densities determined in
the analysis for all six shots is shown in Table II.

An advanced neural network application utilizing Bayesian
statistics has allowed for the determination of the spatially
integrated ion temperature 7; through neutron yield and time-
of-flight diagnostics [21]. This 7; analysis did not include
information extracted from the krypton data. Hence, it is in-

formative to compare spatially integrated 7; and 7,. To obtain
a spatially integrated 7, to compare with 7;, we define an
emissivity-weighted average for 7, across the axial extent of
the regions of a given shot [22]. This is expressed as

. [ [TL@e(2A@)dzdv
T v =
¢ [ [ es(2)A(z)dzdv

3
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FIG.7. A plot of the emissivity-weighted average electron
temperature diagnosed through krypton spectroscopy vs the ion tem-
perature determined from neutron diagnostics.

where T,(z) is the diagnosed electron temperature for a given
axial region, €,(z) is the monochromatic emissivity calcu-
lated by our spectral model for a z coordinate, A(z) is the
surface area of a volume element at a z coordinate, dz is
the axial height of the given region, and dv is the photon
frequency element. The photon frequency integration is over
the 12.85-13.15 keV of the Hexa spectrum. Describing the
temperature in this way accounts for the different weights
each region contributes based on its emissivity. This also
considers changes in the height of a region that can vary
between shots.

The ion temperature values have been determined for five
of the six shots presented here and are compared to the di-
agnosed emissivity-weighted average electron temperature in
Fig. 7. First, we note that both temperature measurements
demonstrate that hot, deuterium burning plasmas with temper-
atures in the 1.75 to 3.5 keV range have been produced in the
MagLIF experiments at Z. Second, ion and electron tempera-
tures are strongly correlated and they monotonically increase
as a function of initial fill density. Third, we can also see that
the electron temperature for each shot is larger than the ion
temperature. Usually, in ICF experiments, the ion temperature
is expected to have a greater value than the electron temper-
ature. However, the temperature measurements displayed in
Fig. 7 are space and time integrated and, in particular, the
time intervals of integration may not completely overlap in
time, thus effectively sampling slightly different states of the
plasma. We further note that the rate of 13 keV x-rays has a
steeper dependence on temperature than from neutrons of the
deuterium-deuterium nuclear fusion reaction recorded with
neutron time-of-flight measurements [19].

The trends observed between the experimental parameters
that varied across the six shots and the diagnosed emissivity-
weighted average electron temperatures are shown in Fig. 8.
We can see that the shots with higher initial filling pressures
resulted in higher peak temperatures. Similarly, the thinner
Be liners resulted in higher peak temperatures as well. As
a consistency check, the total neutron yield scales with the
electron temperature. It should be noted that while the neu-
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FIG. 8. Plots of the trends of emissivity-weighted average elec-
tron temperatures vs the parameters that varied between the shots.
The plot at the top shows the electron temperature of each shot vs
the shots initial gas fill. The middle plot shows the trends vs the
aspect ratio of the liner. The bottom plot shows the trend vs total
neutron yield on a logarithmic scale. The data points with the same
aspect ratio or initial density are slightly separated from each other
for illustrative purposes.

tron yield is directly related to the ion temperature, a higher
ion temperature would imply a higher electron temperature,
which follows the result shown in Fig. 8.

In the analysis of the preheating phase of MagLIF, the
electron temperature was largest near the laser entrance hole
and decreased with the depth of the liner [5,6]. Here, a similar
trend appears across the six experiments, but the peak temper-
atures typically are located closer to the center of the liner. For
example, shot Z3079 had a peak temperature located at the top
of the liner and decreased with depth, whereas shot Z3143 was
hottest in the center of the liner and decreased away from the
center. The temperature reached in the experiments appears to
correlate more on the compression along the plasma column
distribution than the depth of the preheat energy deposition.
Lastly, shot Z3377 had the brightest krypton emission as well
as the largest neutron yield of the six krypton-doped experi-
ments and also resulted in the highest electron temperatures.
Taking advantage of the spatial resolution of the instrument
has provided a better understanding of the structure and tem-
perature distribution of the imploded MagLIF burning plasma.

V. THERMAL FLUX AND RKE ASSESSMENT

Knowledge of axial electron temperature and density dis-
tributions enables the analysis of thermal transport along
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Region j+1

Region j

Region -1

FIG. 9. Illustration of imploded cylinder divided into discrete
regions. The arrows indicate the movement of energy into or out of a
given region or zone.

the axis of the plasma column and the relative impor-
tance of energy lost via bremsstrahlung emission. Moreover,
investigating the axial thermal transport of energy is of spe-
cific interest to MagLIF because the axial magnetic field is
included to inhibit thermal flux radially, but does not constrain
transport axially.

In order to assess the thermal flux of energy across axial
boundaries, we employ the schematic shown in Fig. 9. We
can treat the imploded plasma as a collection of discretized
cylinders stacked on top of one another. The height of each
cylinder is determined by the spatial resolution of the instru-
ment and the radius is ~50 um. These volumes are allowed
to exchange energy via thermal transport across the cross-
sectional area that connects the zones together. In this way, we
can quantitatively assess energy transfer and loss mechanisms
that occur in the plasma. It should be noted that given the time-
integrated nature of the measurements, the results we discuss
for the energy transport mechanisms represent time-averaged
effective values.

The thermal flux is given by

q =—« VT, 4)

2 3/2
where k| = 32?3;%—}{'?? is the Spitzer thermal conductiv-

ity for thermal flux parallel to the lines of the magnetic field
[23]. The Spitzer conductivity is valid when n; 13, > 1, where
Ap is the Debye length of the plasma. For the temperatures
and densities determined in this analysis, this product is al-
ways much greater than one. Also, the electron mean free
path is in the range from 0.2 to 2.0 um; these values are
much smaller than the spatial length scale of T, which is a
few-hundred microns. There is a large dependence on electron
temperature, but a lesser (logarithmic) dependence on electron
density. Here we are only considering the thermal transport
along the axis of the liner because we do not have any spectral
data resolved radially. The rate of thermal energy into or out
of a region is calculated by multiplying the thermal flux by
the surface area created by the boundary between adjacent
regions.

Bremsstrahlung power emission is related to the tempera-
ture and density through

Ps, = 1.76 x 10"\/T,Z} p*V /A%, (5)

where Z; is the net charge of the emitting plasma, p is the final
mass density, V is the volume of the emitting element, and A
is the mass number of the plasma [24].

Recent efforts have been made to characterize the RKE
in ICF spherical implosions remaining in the implosion core
fuel [8,9]. However, no assessment has been done to evaluate
the RKE trapped in the axial flow of a cylindrical MagLIF
implosion core. Here, we infer the axial RKE of the plasma
from the vertical flow that can be driven by the axial pressure
distributions calculated using the temperatures and densities
obtained from the spectroscopy data analysis. The pressure is
given by the ideal gas law as

P = (n, + n)kT,, (6)

where n, ~ n; since the amount of krypton mixed in the fuel
is minimal. We can compare the pressures computed here
with values published elsewhere for three other MagLIF ex-
periments [25]. While those three experiments differ in laser
preheat energy and have a larger axial magnetic field of 15 T
compared to the six experiments discussed here, those results
can still be used as an order-of-magnitude consistency check
against the pressures determined through the temperatures
and densities from the krypton spectroscopy analysis. The
pressures in the two independent studies agree well.

In order to compare the thermal flux and bremsstrahlung
emission rates to the RKE, we look at the rate of change of
the axial RKE. For a given axial region j, this quantity is
calculated as

d(RKE);
dt

where m; is the mass, and v; and a; are the velocity and
acceleration, respectively, of the region. The mass of a region
is found through m; = p;V;, where p; is the mass density of
the deuterium in region j found by multiplying the ion density
by the mass of deuterium and V; is the volume of region j.
To calculate the accelerations and velocities, we start with
the axial pressure distributions mentioned previously. We first
calculate the net pressure exerted on a region from the axial
pressure differentials, AP; ;.1 = [P; — Pj41]. The net force
on a region is the sum of the pressure differentials pushing
into j and and exerting outward on adjacent regions, ﬁ i =

(AP j1+ APj )A, where A is the surface area connecting
two zones together. Here we are assuming a constant radius
of ~50 um, A= Kj = (50 um)? for all j. The net forces
are related to the accelerations through Newton’s Law, F =
m;d;. Finally, we estimate the velocity from the acceleration
and a timescale which we take as given by the burn width,
T = 2.5 ns. The latter is taken from values measured in similar
MagLIF experiments [19].

The list of results is shown in Table II . We can see that the
dominant source of axial energy transport originates from the
thermal transport up and down the imploded plasma column,
which is ~103 larger than the energy released in the form of
bremsstrahlung radiation, i.e., axial energy transport through
thermal flux proceeds at a much faster rate than the energy
that is lost through bremsstrahlung emission. The values cal-
culated for the RKE have relatively large uncertainties, i.e.,
effectively they represent ranges. Interpreted in this way, the
rate of RKE in vertical plasma flow can be comparable and

:mj6j~21j, (7)
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larger than Bremsstrahlung emission, but smaller than that of
axial thermal transport.

VI. CONCLUSIONS

We present krypton K-shell spectroscopy experiments
from MagLIF implosions at Z. A tracer amount of kryp-
ton was added to the deuterium fuel of the order of parts
per million. Accordingly, the inclusion of this small amount
of krypton had a minimal effect on the neutron yield and
provided a low optical depth for the lines present in the
K-shell spectrum, including the Hea of <0.1. An imaging
transmission spectrometer equipped with a cylindrically bent
quartz crystal was employed to record time-integrated axi-
ally resolved krypton K-shell emission spectra in the range
from 12.5 to 13.5 keV with a spatial resolution of 0.5 mm
and a spectral resolving power of 750. In this photon-energy
range, the spectrum is dominated by Be-, Li-, and He-like
krypton ions.

Detailed atomic and radiation physics modeling of the
spectrum for the conditions expected in the hot dense
deuterium burning plasma demonstrates that the relative in-
tensity distribution is electron temperature dependent, but
weakly sensitive to density. As a result of the temperature de-
pendence and the spatially resolved nature of the observation,
we were able to extract the axial distribution of temperature
from the burning plasma. Once the temperature distribution
is determined, the distribution of density was extracted from
the relative brightness of narrowband intensities. The electron
temperatures and densities obtained from the spectroscopic
analysis showed that the burning plasma had temperatures in
the range of 2.0-3.6 keV, and electron number densities from
1 x 10%2/ccto 6 x 103 /cc. The largest electron temperatures
were located in the top and central regions of the plasma
column. Additionally, a comparison with the 7; independently
diagnosed with nTOF data shows a strong correlation with the
T, presented in this work. However, the electron temperatures
are larger than the ion temperatures.

The availability of both the electron temperature and den-
sity measurements enabled an energy analysis including axial
thermal flux, bremsstrahlung power emission, and the time
rate of change of RKE. The analysis shows that the axial
thermal flux proceeds at a much greater rate (~103) than both
the bremsstrahlung emission and the rate of change of RKE.
In spite of the large uncertainties associated with the rate of
change of RKE, the estimations provide a range of values
that can be comparable or greater than the bremsstrahlung
emission, but still smaller than the axial thermal flux.

The largest sources of error arise from propagating the
density determination into the expressions for bremsstrahlung
emission and the RKE. The error bars for density are modest,
but propagating this uncertainty through each calculation can
cause the error bars in energy to be quite high. For exam-
ple, the bremsstrahlung emission is proportional to p?, which
means that the errors will be necessarily larger compared to
the ion density.

The measurements presented here are time integrated. Us-
ing a time-gated spectrometer would allow for a view into
the temporal evolution of the stagnating plasma. Additionally,
since the data are time integrated, we do not have access to
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FIG. 10. The theoretical x-ray yield as a function of pho-
ton energy for a plasma with np =5 x 10?%/cc, T, = 2.5 keV,
R=50um, L =1mm, and t = 2.5ns.

the burn time of the fuel and the time history of the kryp-
ton line emission in this experiment. This is necessary when
calculating the RKE. Instead, we calculate the rate of change
of RKE by estimating the burn width from previous MagLIF
experiments with similar parameters.

While the axial density distributions were determined
through the relative narrowband intensities of the axial regions
and a mass conservation constraint, considering an alterna-
tive spectroscopic measurement may produce better values.
In addition, fielding a second radially resolving spectrometer
would allow one to record spectra that could be used to di-
agnose the radial distribution of the temperature. The latter
would be useful for comparison with the axial measurement
as well as to assess the magnetic field effect at stagnation on
axial and radial thermal transport.
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FIG. 11. Figures of experimental continuum subtraction proce-
dure. The top plot shows the experimental data from region 1 of
shot Z3377 in blue with the best-fit exponential function and £10 of
the fit in green and orange, respectively. The bottom plot shows the
resulting three lineouts of the Hex line emission from shot Z3377
region 1 after the three different continuum levels are subtracted.
The krypton line emission with the best fit to the continuum is
shown in black and the upper and lower bounds of the subtraction
are shown in green and orange, respectively. The black dotted line
located at 13.114 keV shows the position chosen to normalize the
three lineouts.
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APPENDIX: CONTINUUM SUBTRACTION PROCEDURE

Each shot discussed here had an underlying continuum that
needed to be removed in order to isolate the krypton line
emission. The x-ray yield in an ICF experiment is proportional
to Y, & n%,R2Lrexp[—hv/k;,T6]/Tel/2, where Y, is the total

x-ray yield as a function of photon energy, np, is the deuterium
atom number density, R is the stagnation radius, L is the length
of the plasma column, and t is the burn width [19]. A plot
of the x-ray yield as a function of photon energy between
8 and 16 keV for a MagLIF plasma with np = 5 x 10%?/cc,
R=50um, L=1mm, T, =25 keV, and 7 =2.5ns is
shown in Fig. 10. We can see that this function is always
exponentially decaying above 8 keV. It is, therefore, a good
approximation to fit the continuum in the data to an exponen-
tially decaying function and then using it to remove all but
krypton line emission. An example of the krypton emission
with the underlying continuum for shot Z3377 region 1 is
shown in the top plot of Fig. 11. Here we can see a slight drop
with increasing photon energy. The shape of the function is set
by the electron temperature of the plasma and is found through
a least-squares polynomial fit. The data on the left- and right-
hand sides of the krypton line emission are sampled against
the theoretical x-ray yield with varying electron temperatures
until a solution is found via the least-squares minimization.
The upper and lower bounds of the continuum fit are then
taken from the sum of squared residuals of the fit.

The next step is to subtract the continuum from the data
to isolate the krypton line emission. As is seen in the lower
plot of Fig. 11, the different continuum subtractions provide
slightly different relative intensity distributions. The upper
bound of the subtraction will necessarily decrease the lower
end of the spectrum relative to the higher end, and vice versa
for the lower bound estimation. Although the differences be-
tween the three traces may be slight, they provide a nonzero
contribution to the total uncertainty.

As mentioned, the shape of the exponential function
is determined by the electron temperature of the plasma.
Therefore, the process of subtracting the continuum provides
another consistency check for the electron temperature diag-
nosed through the krypton line emission. For each shot and
region, the electron temperature found through the continuum
subtraction is within +=15% of the value reported in Table II.

The end result is three lineouts for a given region of the
data, i.e., one along the best fit and two slightly adjusted for
the different continuum level subtractions. As seen in Fig. 11,
these can be very small differences, but when used through the
least-squares minimization, the best-fit temperatures can vary
up to 50 eV. The analysis is done for each individual lineout,
and the changes in the results lead to another contribution to
the uncertainty when added in quadrature to the uncertainties
from the FWHM.
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