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Diagnosing plasma magnetization in inertial-confinement-fusion implosions is important for understanding
how magnetic fields affect implosion dynamics, and to assess plasma conditions in magnetized implosion
experiments. Secondary deuterium-tritium (DT) reactions provide two diagnostic signatures to infer neutron-
averaged magnetization. Magnetically confining fusion tritons from deuterium-deuterium (DD) reactions
in the hot spot increases their path lengths and energy loss, leading to an increase in the secondary DT
reaction yield. In addition, the distribution of magnetically-confined DD-triton is anisotropic, and this drives
anisotropy in the secondary DT-neutron spectra along different lines of sight. Implosion parameter space
as well as sensitivity to applied B-field, fuel pR, temperature, and hot-spot shape will be examined using
Monte-Carlo and 2-D radiation-magnetohydrodynamic simulations.

I. INTRODUCTION

An externally-applied magnetic field can reduce ther-
mal conduction and magnetically confine fast ions in
a plasma. Both effects ease the physics requirements
needed to reach ignition in a high-performing inertial con-
finement fusion (ICF) implosion® by reducing heat loss
and increasing DT-« energy deposition in the hot spot?:3.
The development of a magnetized ICF platform? is un-
derway at the National Ignition Facility (NIF), requiring
new diagnostics and scientific understanding of how B-
fields affect implosion dynamics. Sensitive measurements
are needed to validate MHD models, and to demonstrate
key physics such as fast-ion confinement and magnetic
flux compression in a magnetized hot spot.

The presence of compressed magnetic fields in an
inertially-confined plasma can be indirectly inferred from
increases in temperature and nuclear yields®, although
this does not provide a quantitative magnetization mea-
surement. A more direct probe of B-field compression
can be made using proton deflectometry in spherical® and
cylindrical” geometries, but requires an additional target
and diverting laser beams from the primary target.

One self-emission diagnostic approach to measure
plasma magnetization makes use of secondary deuterium-
tritium (DT) reactions® in an implosion with deuterium
fuel. Applied magnetic field can confine fast ions in the
plasma, increasing these particles’ energy loss and fu-
sion probability. Both the secondary yield ratio and sec-
ondary neutron spectra can be used to diagnose neutron-
averaged magnetization. This technique has been applied
to cylindrical plasmas®', but has not been discussed in
depth for spherical implosions.
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This work describes the applications of secondary DT
reaction in diagnosing plasma magnetization in ICF im-
plosions, and the ICF parameter space for which this
technique can be applied. Sec.II introduces secondary
reactions and the Monte-Carlo model used in this work.
Sec.IIl and Sec.IV discuss the application of secondary
yield ratio and secondary neutron spectra, respectively.
Sec.V outlines the parameter space for which this tech-
nique can be applied, and compares the predictions
between Monte-Carlo calculations and 2-D radiation-
magnetohydrodynamic (MHD) simulations.

Il. SECONDARY REACTIONS

In a deuterium plasma, the two branches of the
deuterium-deuterium (DD) reactions occur with approx-
imately equal probability!!. The first branch of the DD
reaction produces a 2.45-MeV neutron (DD-n), which we
will refer to as a primary neutron.

D+D — n(2.45MeV) + *He(0.82MeV) (1)

The second branch of the DD reaction produces a 1.01-
MeV triton (DD-t)!.

D +D — T(1.01 MeV) + p(3.02MeV) (2)

As this DD-t leaves the fuel, it has a probability
to undergo a DT fusion reaction with the background
deuterons, producing a neutron and an alpha particle®.
We refer to the neutron from this second fusion reaction
as a secondary neutron (DT-n).

D+ T(< 1.01MeV) — n(11.9 — 17.2MeV)
+a(6.7 — 1.4MeV)
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Because the reactant DD-t can have a range of initial
energies, the secondary DT-n produced also has a wide
energy range. Typically, the ratio of secondary DT-n to
primary DD-n Ypr/Ypp is between 107*—1072, depend-
ing on fuel pR and plasma temperature®. Areal density
(pR), the product of plasma density p and radius R, is
an important measure of compression in ICF implosions.

A. Monte-Carlo model

Secondary yield ratios and spectra are calculated in
this work using a custom Monte-Carlo model to simulate
DD-t trajectories within the fuel. Within the defined
fuel volume, profiles of the magnetic field, one electron
species, and at least one ion species are defined. The sim-
ulations discussed in later sections assumed static and
uniform profiles for temperature, density, and B-field,
and the B-field is axial along the z-direction. This model
does not include ion scattering, as secondary yield is pri-
marily a function of DD-t energy loss (path-length inte-
gral) in the fuel. The validity of these assumptions as
compared to 2-D simulations of realistic ICF implosions
with MHD models is discussed in Sec.V. Ion energy loss
in the fuel is calculated using the Li-Petrasso model'2.

In the main Monte-Carlo simulation, DD-t are gener-
ated within the fuel volume. At each time step, DD-t
are transported through the fuel volume, accounting for
energy loss and B-field. Adaptive time steps are used to
better resolve the DD-t’ gyroradii as well as spatial re-
gions with high gradients. The trajectory calculation is
stopped when the DD-t leaves the fuel volume, has no
remaining energy, or exceeds a user-specified time (e.g.
plasma confinement time).

In the post-processing stage, secondary yield ratio and
neutron spectra are calculated from these simulated DD-
t trajectories. The probability that a DD-t undergoes a
secondary DT reaction at time ¢y over a time interval At
is given by:

P~y =np opr vAt (1 — Picy,) (4)

where np is the local background deuteron number
density, opr is the DT reaction cross section, and v; is
the DD-t velocity. This DD-t can only undergo a fusion
reaction at this time step if it has not already fused ear-
lier in its trajectory, and this is represented by the factor
1 — P;<4,- Summing the probabilities over all time steps
gives the secondary yield ratio for one trajectory. Av-
eraging over many DD-t trajectories gives the secondary
yield ratio sampled over the entire fuel volume. In a
typical simulation, 10> DD-t particle trajectories (corre-
sponding to ~ 107 secondary DT-n) are simulated, which
is sufficient for convergence (with statistical uncertainty
~ 1%). Results from this model have been validated
against analytic and numerical calculations®'3.

A similar approach is used to calculate the sec-
ondary neutron spectra. At different times, a back-
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FIG. 1: Example simulated DD-t trajectories in a
uniform plasma with a radius of 250 ym, and a deuteron
fuel pR of 58 mg/cm?. The color scale indicates the
energies of the DD-t as they are transported through
the plasmas. On the left, no external B-field is applied.
On the right, a 2.14kT B-field is applied.

ground deuteron with a random velocity vector is sam-
pled from a Maxwellian population based on local plasma
temperature'®, and a secondary DT-n is generated. For
the two-body DT reaction, the energy of the DT-n is
kinematically constrained by the reactants’ velocities and
the DT-n’s direction. This information along with the
DT differential cross section are used to calculate DT-n
spectra along specific lines of sight.

Figure 1 shows example DD-t trajectories from a typ-
ical Monte-Carlo simulation. When no magnetic field is
applied, DD-t in a moderate-pR fuel leave the plasma,
losing some energy along the way. If the fuel pR is suffi-
ciently high that the DD-t are completely stopped in the
fuel, the DD-t are collisionally confined. If a sufficiently
strong magnetic field is applied such that Rgyro ¢, the gy-
roradius of a 1.01 MeV DD-t, is comparable to Ry, the
plasma radius, a small fraction of the DD-t population
with large velocity component perpendicular to the ap-
plied B-field can be magnetically confined. These DD-t
spend more time in the plasma and lose more energy in
the plasma, significantly increasing their probability to
undergo a secondary reaction.

Rfuel/ngm}t is used in this work because it is a
physically-intuitive, dimensionless parameter. In the
context of describing an ICF implosion with initial ra-
dius Ry, final radius R, initial magnetic field By, final
magnetic field B, and convergence ratio CR = R/Ry:

Ryuet/Rygyrot = 5.4 x 107% BR[G - cm]

6 ()
=54x10 Ro[um] Bo[T] CR
Ryyer / Rgyro, is linearly proportional to the magnetic
confinement parameter BR (the product of magnetic
field B and radius R). The first equality makes use of
the relationship Rgyro.+ = msv:/eB, where m; and v; are
the mass and velocity of an 1.01 MeV triton. The second
equality assumes that the magnetic field is frozen into the
plasma such that the compressed magnetic field scales as
B = Bo(CR)?.
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I1l. SECONDARY YIELD RATIO

This section discusses the sensitivity of the secondary
yield ratio Ypr/Ypp as a function of fuel pR and B-
field. Figure 2 shows the simulated Ypr/Ypp for a
uniform, spherical plasma with a radius of 250 ym and
temperature of 5keV, for different applied B-field. At
Ryyer/Rgyror =1 (B = 0.72 kT), there is little enhance-
ment in Ypr/Ypp as compared to the no-B baseline be-
cause fusion products are weighted toward the outer ra-
dius due to the volume effect. Ypr/Ypp enhancement
becomes significant when Ry / Ryyrot > 2.

Figure 2 also illustrates three distinct regimes based
on fuel pR. Below 5mg/cm?, the DD-t path length in
the fuel volume is increased due to gyromagnetic effect,
but there is no significantly increased DD-t energy loss,
so there is little change to the DT cross section. Between
5 — 100 mg/cm?, the increase in DD-t path length in the
fuel in combination with the moderate fuel pR is sufficient
to significantly lower DD-t energies (see Fig.1), leading to
an additional enhancement due to an increased DT cross
section. Above 100 mg/cm?, a significant fraction of DD-
t are already collisionally confined by the fuel pR, and
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FIG. 2: a) Simulated secondary yield ratio Ypr/Ypp as
a function of deuteron pR and applied B-field.
Ryyer/Rgyros of 0 (dashed, black), 1 (solid,red), 2
(dot-dashed, blue), and 3 (dotted, teal) corresponds to
an applied B-field of 0.0, 0.72, 1.43, and 2.14 kT,
respectively. b) shows the Ypr/Ypp enhancement
factor relative to the no-B-field case (the horizontal
black line). For this plasma, T, = T; = 5keV, and the
shaded areas in b) represent uncertainty introduced by
T. £ 0.5keV (for the cases Ryyei/Rgyror = 2 and 3).

the additional magnetic confinement does not notably
increase secondary reaction probability. These regimes
are qualitative, as the exact thresholds are functions of
ion and electron temperatures.

Secondary yield ratio is a sensitive probe of neutron-
averaged magnetization in low-to-moderate-pR ICF plas-
mas, provided fuel pR and plasma temperatures are well-
characterized. The shaded areas in Fig.2b represent
the yield ratio uncertainty introduced by +0.5keV un-
certainty in electron temperature, a reasonable uncer-
tainty from measurements of the x-ray continuum!®. Be-
tween ~5 — 100mg/cm? fuel pR, a 25% measurement
uncertainty in pR (using a combination of x-ray imaging
and proton spectrometers'®) would contribute (approx-
imately linearly) 25% uncertainty to Ypr/Ypp. These
values are compared to typical neutron time-of-fight de-
tector measurement uncertainty of 5%-10%'". These un-
certainties are presented only to illustrate relative sen-
sitivities to different plasma parameters, and Sec.V dis-
cusses in more details the limitations of the static model
used here.

IV. SECONDARY NEUTRON SPECTRA

Secondary DT neutron spectra along different lines of
sight provide an additional diagnostic signature of plasma
magnetization in an ICF implosion. DD-t with a large ve-
locity component perpendicular to the applied B-field are
preferentially confined (Fig.1), and the anisotropy in the
confined DD-t population leads to anisotropy in the sec-
ondary DT neutron spectra along different lines of sight.

Figure 3a shows secondary DT-n spectra along lines
of sight parallel (pole) and perpendicular (equator)
to the applied B-field, for a uniform plasma with
Ryyel/Rgyror = 2 (B = 1.43 kT). The DT-n spectrum
parallel to the applied B-field is centrally peaked, whereas
the DT-n spectrum perpendicular to the applied B-field
has a central dip. For comparison, the DT-n spectra for
the unmagnetized case are shown in dashed lines. The
unmagnetized spectra are nearly identical as expected,
as there is no imposed asymmetry in the system.

pR asymmetry (due to non-spherical implosion shape)
can also lead to anisotropy in the secondary DT neu-
tron spectra because DD-t now encounter different fuel
pR along different directions. For example, the sec-
ondary DT spectra simulated for an oblate, unmagne-
tized plasma (Fig. 3b) show similar features as the neu-
tron spectra for a spherical, magnetized plasma (Fig. 3a).
Spectral shapes along different lines of sight provide use-
ful diagnostic information about plasma magnetization
that nonetheless must be interpreted in the context of
other diagnostic information about the implosion. In this
example, pR diagnostics'® along different lines of sight
should measure much higher pR and also significant pR
anisotropy for the oblate plasma in Fig. 3b. Similarly,
x-ray imaging can be used to confirm hot-spot shape.
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FIG. 3: Secondary DT neutron spectra along lines of
sight parallel to the magnetic field (pole, red, pointing
upward) and perpendicular to the magnetic field
(equator, blue) for a uniform plasma with T, = 5keV.
The solid lines are spectra simulated with an applied
B-field of 1.43kT, corresponding to R fyer/Rgyrot = 2.
The dashed lines are spectra simulated with no B-field.
a) is the case for a spherical plasma with fuel
pR = 31mg/cm?, and b) is the case for an oblate
plasma with average fuel pR = 71 mg/cm?.

V. DISCUSSION

Sec.II identified two prerequisites to use secondary
DT reactions as a magnetization diagnostic: 1)
Rfuet/Rgyrot > 2, and 2) fuel pR < 100 mg/cm?. Fig.4
shows the Ypr/Ypp expected enhancement from an ap-
plied B-field for several representative ICF implosion
types with different Ryyer/Rgyro,c and fuel pR. Capsule
size, convergence, and temperature are based on previous
implosions on NIF and OMEGA, when available. Elec-
trons are magnetized in all cases (electron Hall param-
eter > 1), and in higher-temperature plasmas thermal
deuterons are also magnetized (ion Hall parameter > 1).

Figure 4 shows that plasma magnetization can be
best measured in large-diameter, moderate-convergence
implosions.  Smaller implosions can reach the same
Riyer / Rgyro, if they have a higher convergence ratio, but
higher convergence ratio also leads to higher fuel pR. For
example, a relatively-high-pR indirect-drive warm implo-
sion on the NIF (see Table I, ”2mm ID compressive”)
can reach sufficient high Rjfyei/Rgyro,+ to magnetically
confine DD-t, but this will not lead to a useful magneti-
zation signature because the fuel pR is high enough that
the DD-t are already collisionally confined.
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FIG. 4: Ypr/Ypp increase (%) from an applied B-field
for different ICF implosion types as a function of
Ryyet/Rgyros and fuel pR. DD and ID refer to
direct-drive and indirect-drive implosions, respectively.

An important question is how well does this static
Monte-Carlo model describe DD-t magnetic confinement
in realistic ICF plasma conditions. Figure 5 shows the
Ypr/Ypp ratio using the Monte-Carlo (MC) model as
a function of initial B-field for a 4-mm-diameter, direct-
drive implosion on NIF (see Table I, ”4mm DD”). The
model shows no change to the Ypr/Ypp ratio until
the initial B-field is 15-20T, followed by a linear in-
crease. This is compared with the Ypr/Ypp ratio sim-
ulated using the 2-D radiation-magnetohydrodynamic
code LASNEX?? with DD-t transport through the mag-
netized fuel. Both the static MC model and the 2-D
MHD simulations predict no change in the Ypr/Ypp ra-
tio until ~ 20T, although the Ypr/Ypp enhancement
in the MHD simulation at 30T is only half of that pre-
dicted by the static MC model. One reason may be that
in the MHD implosion simulation, DD-t are generated
during both shock rebound and compression, sampling a
wide array of plasma conditions as compared to the static
profiles assumed in the MC calculations. As compared to
the B-field value at peak compression, the B-field value
averaged over the fusion duration is reduced by ~ 50%.
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FIG. 5: Ypr/Ypp as calculated from a Monte-Carlo
(MC, solid,red) model using neutron-averaged
quantities, and as simulated using LASNEX (MHD,
dotted, black) for different initial B-field. The
blue-dashed line indicates peak R fyer/Rgyro,t-
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TABLE I: ICF implosion parameters used in Fig.4. DD and ID refer to direct-drive and indirect-drive implosions,
respectively. The column abbreviations are defined here: OD (outer capsule diameter), T; (ion temperature), T,
(electron temperature), CR (convergence ratio), By (initial B-field), By (final compressed B-field), C'y; (thermal

deuteron Hall parameter), and Cp . (electron Hall parameter).

Implosion type OD T; Te CR
pm keV keV

PR BO Bf CH,i CH,e Rfuel/ng'r'o,t BR

4mm DD (shock driven) 4000 8.9 4.0 7
3mm DD (shock driven) 3000 11.1 4.0 7
2mm ID (compressive) 1816 2.5 2.5 13
2mm ID (shock driven)'® 1870 3.5 3.5 5
Imm DD (compressive)® 860 3.2 3.0 20
Imm DD (shock driven)'® 860  14.0 4.0 4

mg/cm? T kT 10° G-cm
14 30 1.6 1.4 42 2.5 4.4
11 30 1.6 1.9 42 1.8 3.3
103 30 51 0.04 5 2.0 3.6
15 30 0.8 0.1 11 0.8 14
28 8 3.2 003 4 0.4 0.7
1 45 0.7 6.5 93 0.4 0.8

VI. CONCLUSION

The application of secondary DT reactions in diagnos-
ing plasma magnetization in ICF implosions have been
examined using Monte-Carlo models and 2-D MHD sim-
ulations. The dual prerequisites of sufficient B-field com-
pression while remaining below the fuel pR threshold
limit the application of this technique to large-diameter,
moderate-converge ICF implosions with the current B-
field generation platforms. However, when applicable,
the combined diagnostic signatures of secondary yield ra-
tio and neutron spectra are sensitive probes of neutron-
averaged plasma magnetization.
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