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A magnetic particle time-of-flight (MagPTOF) diagnostic has been designed to measure shock- and
compression-bang time using D*He-fusion protons and DD-fusion neutrons, respectively, at the Na-
tional Ignition Facility (NIF). This capability, in combination with shock-burn weighted areal density
measurements, will significantly constrain the modeling of the implosion dynamics. This design is
an upgrade to the existing particle time-of-flight (pTOF) diagnostic, which records bang times us-
ing DD or DT neutrons with an accuracy better than 70 ps [H. G. Rinderknecht et al., Rev. Sci.
Instrum. 83, 10D902 (2012)]. The inclusion of a deflecting magnet will increase D*He-proton signal-
to-background by a factor of 1000, allowing for the first time simultaneous measurements of shock-
and compression-bang times in D*He-filled surrogate implosions at the NIF. © 2014 AIP Publishing

LLC. [http://dx.doi.org/10.1063/1.4886775]

. INTRODUCTION

Recent experiments at the National Ignition Facility
(NIF)! have made substantial progress in the effort towards
fusion ignition of an inertially confined implosion. Better un-
derstanding and optimization of the 1D performance of im-
plosions at the NIF has been identified as an important path
forward to attaining ignition.> Shock burn, a brief period of
fusion production during the shock collapse and rebound at
the center of the implosion, is closely associated with the
strength of the shock. The rebounding shock striking the im-
ploding fuel and shell also initiates deceleration, which cul-
minates in peak fuel compression and burn. A direct measure-
ment of the shock-bang time and the time difference between
shock- and compression-bang time (ABT) will provide valu-
able new constraints on the 1D physics of the shock prop-
agation and shell deceleration, improving the understanding
of the in-flight conditions of the fuel and shell. In hydrody-
namic simulations of NIF-scale implosions, ABT is insen-
sitive to changes in the experimental parameters. However,
experimental evidence seems to suggest that ABT may be
changing by as much as 50%.°
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In implosions with deuterium and helium-3 gas fill,
the rebounding shock heats the central fuel and initiates
D(*He,p)*He fusion reactions which produce 14.7 MeV pro-
tons. The spectrum of the emitted D*He protons is measured
by the Wedge Range-Filter (WRF) proton spectrometers,*
and from the energy downshift, the total areal density (fuel
and shell pR) of the implosion is measured.” Comparisons
of pR at shock-bang time to time-resolved x-ray radiographs
of the implosion trajectory®’ indicate that the data are best
explained by a change in ABT of approximately 400 ps as
coasting is varied from 1 to 2.5 ns.? Since these shifts are not
reproduced in simulations, they suggest that the timing of the
shock collapse at the center of the implosion and of the subse-
quent onset of the deceleration phase are not well understood.
A direct measurement of ABT would strongly constrain mod-
els of shock-propagation and deceleration-phase dynamics.

An upgrade to the particle time-of-flight (pTOF)
diagnostic® has been designed to provide measurements of
both shock- and compression-bang time by time-resolved ob-
servation of D3He-proton and DD-neutron production, re-
spectively. The pTOF has accurately measured bang times at
the NIF using DT- and DD-fusion neutrons for over 3 years,
and has also measured bang-time in polar-direct-drive implo-
sions using D*He-protons.® In polar-direct-drive implosions
using D, fuel, pTOF has recorded both primary DD-neutrons
and secondary D3He-protons, with yields comparable to those
observed at compression- and shock-burn, respectively, in

© 2014 AIP Publishing LLC
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FIG. 1. pTOF signal trace from NIF Polar-Direct-Drive (PDD) implosion
N140306-003 with background subtracted, on which pTOF measured both
primary DD-neutrons (Yield = 2 x 10'!) and secondary D?He-protons
(Yield < 10%). Due to the limited x-ray fluence on PDD implosions, pTOF
could be fielded with reduced high-Z filtering, enabling measurement of
D3He-protons. This measurement demonstrates the proof-of-concept for
shock- and compression-bang time measurements using the MagPTOF de-
tector, which will have comparable nuclear yields to those recorded here.

indirectly driven D3He gas-filled implosions. This data,
shown in Figure 1, provide a proof-of-principle for measur-
ing ABT using these species. However, for indirect-drive
implosions, the substantial shielding required to limit x-ray
background to acceptable levels prevents the D*He-protons
from being detected. By including a small dipole magnet, the
Magnetic pTOF (MagPTOF) will deflect protons around the
shielding and onto the detector, allowing for simultaneous
measurements of D>He-protons and DD-neutrons produced
at shock-burn and compression-burn, respectively.

Section II of this paper discusses the design of the Mag-
PTOF diagnostic for the NIF. Optimizations to the magnet
and calculations of the proton trajectories through the mag-
net design are presented in Sec. III, and the predicted signal
and dominant sources of background are discussed in Sec. I'V.
The conclusions are presented in Sec. V.

Il. DESIGN

The MagPTOF diagnostic represents a significant up-
grade to the existing pTOF diagnostic on the NIF, and
includes four main components, depicted schematically in
Figure 2. The MagPTOF detector, cables, bias, and oscil-
loscope systems are identical to the existing pTOF system,
which is described in detail in Ref. 8. The detector, nomi-
nally positioned 49 cm from the implosion, detects protons
between 6 and 16 MeV. X-ray shielding made of tungsten
cylinders protects the detector from direct x-ray fluence from
the hohlraum. This shielding may be configured in units of

Magnetic pTOF:

D3He protons

K,
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FIG. 3. 3D-models of the MagPTOF engineering design. (a) The x-ray
shielding (red cylinder), aperture and magnet (purple), detector (gold), and
annular CR-39 (blue) are held in relative alignment by an aluminum housing
(yellow). Target chamber center (TCC)-facing components will be sheathed
in stainless steel for ablation resistance and debris protection. The point-
projection shadow of the shielding from TCC (green transparent) has a radius
in the detector plane of ~3x the detector’s active radius. (b) The MagPTOF
is attached to the NIF DIM (90,78) snout with a stainless-steel mounting arm
(red), alongside a WRF spectrometer (blue).

0.5 cm up to a maximum of 4 cm, depending on the predicted
level of x-ray background. A permanent dipole magnet with
a peak field of approximately 1 T deflects protons around the
shielding and onto the detector. Lastly, an annular piece of
CR-39 nuclear track detector’ can be positioned around the
pTOF detector, to confirm proton fluence and energy on the
detector after each experiment.

An engineering design for the diagnostic that meets NIF
requirements has been completed. The MagPTOF assembly
shown in Fig. 3(a) maintains the relative alignment of the
magnet, x-ray shielding, and detector. The housing is made of
aluminum to reduce weight; surfaces facing target chamber
center are covered with stainless steel for ablation resistance
and debris shielding. This assembly weighs approximately
4 kg. Like the pTOF diagnostic, the MagPTOF assembly is
fielded on the diagnostic instrument manipulator (DIM)' in-
stalled on the NIF target chamber at the angular position

C. 1 Tesla B-field

X-rays, DD-neutrons
hohlraum

31 cm to aperture

D. CR-39

FIG. 2. A schematic of the MagPTOF diagnostic on the NIF. The diagnostic includes four main components: (A) CVD-diamond detector, (B) x-ray shielding
(tungsten, configurable in units of 0.5 cm up to 4 cm) to shield the detector from hohlraum x-ray background, (C) a permanent dipole magnet with 1 T peak field
to deflect protons around the shielding and onto the detector, and (D) optional annular piece of CR-39 around the CVD-diamond, to confirm proton fluence and
energy on each shot. The MagPTOF detector, cables, and electronics are identical to the existing ones for the pTOF.
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(@ = 90°, ¢ = 78°), as shown in Fig. 3(b). The MagPTOF
mounting bracket replaces the upper half of the previous 4-
position pTOF/WRF mounting bracket with an alternate de-
sign to support the added weight of the MagPTOF assem-
bly. The center of the magnet aperture is positioned 13.6°
above the equator, matching the polar angle of the neighbor-
ing WREF. For cylindrically symmetric hohlraum designs, the
protons incident on both MagPTOF and WRF will be ranged
through identical hohlraum profiles, and proton spectra will
be identical along both lines of sight. Since the evaluation of
shock bang-time from the MagPTOF proton data requires pre-
cise knowledge of the proton energy, matching the WRF po-
lar line-of-sight reduces the uncertainty in the measurement.
The location of the adjacent upper WREF in the target chamber
is maintained from the previous 4-position design. The hard-
ware holding the two WRFs below the equator is unchanged.

lll. MAGNET OPTIMIZATION

D*He-protons emitted from NIF hohlraum implosions
typically have a peak energy in the range 8-12 MeV, account-
ing for energy downshift in both the imploding capsule and
the hohlraum wall. A magnet has been optimized for the Mag-
PTOF system, to reliably deflect protons in this energy range
onto the CVD-diamond detector without requiring active con-
trols or detailed knowledge of the proton spectrum prior to the
experiment.

The deflecting magnet, a permanent dipole to be manu-
factured by Dexter Magnetic Technologies, is composed of
Nd,Fe,B, with a density of 7.4 g/cc, and is sheathed in
vacuum-tight autenistic stainless steel to prevent outgassing
of the glue compound into the NIF target chamber. The mag-
net has a pole gap of 1.5 cm, a pole depth of 2 cm, and is 8 cm
long. The aperture in front of the magnet is positioned 31 cm
from the implosion, subtending a solid angle fraction of 1.08
x 1074,

A peak field of 1 Tesla deflects incident protons away
from the magnet’s yoke into the region behind the x-ray
shielding. The radius of curvature for a charged particle in
a magnetic field is R,,,, = p/qB, where p is the particle mo-
mentum, q its charge and B the magnetic field strength. For a
10 MeV proton traveling through the MagPTOF magnet, the
peak radius of curvature will be approximately 50.9 cm. This
proton’s path will be deflected by approximately 9° after tran-
siting the magnet. To maximize the path length of the protons
in the magnetic field, the body of the magnet is rotated 4° in
the bending plane. This rotation balances the entrance and exit
angles for 10 MeV protons arriving at the magnet from TCC,
and also introduces a weak focusing of protons in the bending
plane.

A series of proton trajectory calculations were performed
using the geometry and modeled field of the magnet described
in Sec. II. In the nominal geometry, the detector records pro-
tons generated at TCC with energy in the range 6 to 16 MeV,
as shown in Figure 4. The effective solid angle fraction of the
detector is above the nominal detector solid angle fraction of
1.7 x 1073 for protons in the energy range 8 to 16 MeV, and
is approximately 1.8 x 107> for 10 MeV protons. This ~10%
focusing effect arises from a combination of focusing in the

Rev. Sci. Instrum. 85, 11D901 (2014)
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FIG. 4. (a) Calculated proton trajectories for the MagPTOF system projected
to the bending plane (x,y). (b) Calculated trajectories projected perpendicular
to the bending plane (x,z). Protons with energy 6, 10, and 16 MeV (green
dot-dashed, magenta dotted, and blue dashed, respectively) were launched
from the origin and transported through the dipole magnetic field (red) to
the detector plane (black). Effective solid angle fraction of the detector was
found to be above 1.7 x 107> for protons in the energy range 8—16 MeV.

cross-field direction and defocusing in the parallel-field direc-
tion.

An important design consideration for the magnet is to
minimize the effect of misalignment on the proton signal
level. As the diagnostic is mounted onto the side of x-ray
diagnostic snouts fielded on DIM (90,78), the system is not
independently pointed and must be designed to function cor-
rectly with any DIM instruments. In practice, nominal in-
sertion depth of the existing pTOF diagnostic has varied by
41 cm, depending on the DIM instrument installed. With
the magnet line-of-sight nominally aligned to 13.6° above the
equator, this insertion depth variation translates into approx-
imately £0.4° of misalignment in the bending plane (disper-
sion direction).

To evaluate the effect of mispointing the MagPTOF, pro-
ton trajectory calculations were also made for proton launch
points moved by £1 cm both in the bending-plane and per-
pendicular to the bending plane, corresponding to a +1.6° an-
gular mispointing. Figure 5 shows the results of this study,
which indicate that the design robustly transport protons to
the detector with an effective solid angle fraction of ~1.6 x
107> or higher for misalignment of £1.6° in all directions,
well beyond the expected alignment uncertainty.

Temporal broadening of the proton signal due to in-
creased path-lengths in the system was also examined, and the
results for 10 MeV protons are shown in Figure 6. For all pro-
ton energies studied, this magnet design introduced a tempo-
ral broadening of less than £7 ps, well below other timing un-
certainties. For comparison, typical proton spectra measured
in D*He gas-filled implosions at the NIF display a FWHM of
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FIG. 5. Calculated 10 MeV proton trajectories for the MagPTOF system
when the proton source location is offset by +1 cm (magenta dotted) and
—1 cm (blue dashed) relative to the origin (a) in the bending plane (x,y)
and (b) perpendicular to the bending plane (x,z). The protons were trans-
ported through the dipole magnetic field (black, red) to the detector (black).
The MagPTOF system was found to be tolerant to offsets of this size, which
translate to £1.6° misalignment of the detector line-of-sight.

~1 MeV. This spectral width corresponds to a time-of-flight
broadening of approximately 500 ps, which dominates the ob-
served temporal width of the proton signal and renders the
temporal broadening due to the magnet negligible.

The advantages of a focusing magnet for increasing
the proton signal were considered. However, such a magnet
would have more stringent alignment requirements and would
require better a priori knowledge of the incident proton spec-
trum. The expected proton signals with a non-focusing mag-
net are sufficient for making the desired measurement.

IV. SIGNALS AND BACKGROUND

The primary goal of this upgrade is to minimize back-
ground due to x-rays from the implosion while measuring the
D?*He-proton signal. Based on D*He-proton signals observed
using the pTOF on NIF and OMEGAS3 and the effective solid

Proton time-of-flight to detector, E; = 10 MeV Time (ns)

@ y () 11.342
2001 «t> =11.336ns 11.34

o, =0.003ns 05

11.338
11.336

# of particles

11.334

11.332
Detector 11.33

1?,325 11.33 11.335 1134 11.345 15 2 25 3
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FIG. 6. (a). Calculated time-of-flight distribution for 10 MeV protons tran-
siting the modeled magnetic field to the detector. The temporal broadening
caused by the magnet is negligible (o = 3 ps for 10 MeV protons, <7 ps for
6 to 16 MeV protons). (b) Time-of-Flight map for the 10 MeV protons at the
detector plane. Particles within the black circle are detected.
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angle of MagPTOF, the expected MagPTOF signal level for a
typical shock D3He-proton yield of 1 x 10® is approximately
50 mV. Because the x-ray background sources and the pro-
ton signal are separated by approximately 10 ns due to time-
of-flight, which is several times the impulse response falloff
time (~1.4 ns), the detector has time to recover from x-rays
prior to observing the protons. However, for a robust proton
measurement, the peak x-ray background should be compa-
rable to or smaller than the signals of interest. Possible back-
ground sources with the MagPTOF conceptual design have
been thoroughly reviewed, including direct x-ray signal from
the hohlraum, x-ray fluorescence in the magnet, shielding, and
mounting hardware, and photo- and Compton-scattered elec-
trons from the tungsten shielding.

X-ray-induced fluorescence in the magnet was found to
be the most significant source of background. Although the
magnet is composed primarily of iron, the primary source
of fluorescent background is expected to be the neodymium
due to the higher-energy x-rays produced (E;;,, = 43.6 keV,
compared to 7.1 keV for iron) and the comparatively large
probability of fluorescence (P, = 92.2%, compared to
~34%).'" Photons with 43.6 keV have a mean free path in
the magnet material of A = 270 um, defining the volume of
magnet material that can produce fluorescent background for
the detector.

The number of photons incident on the magnet with en-
ergy high enough to stimulate fluorescence depends on the
X-ray spectrum observed, as

* S(E)
E

line

N =

expl—(14/ PINaWNdaPmag X1 1A E, (1)

where S(E) is the spectrum of x-rays produced in the exper-
iment, in units of keV/(keV Sr); (1u/p)n4 1s the x-ray mass
attenuation coefficient of neodymium'? and wy, = 0.267 is
the mass fraction of neodymium in the magnet; p,,,, is the
density of the magnet; x, is the depth in the magnet from
which fluorescent photons can escape; and €2, is the solid
angle of the inside magnet surface in Sr. If we assume that
fluorescent photons from a depth of A are able to escape
and strike the detector, then from the geometry discussed in
Sec. II, x; ~ 2.6A = 566.8 um.

The energy absorbed in the detector via neodymium K-
shell fluorescence in the magnet is estimated conservatively
as: E . = NPy, By (Q/AT0)P s, Where P, is the prob-
ability of photon absorption by the detector; €2, is the solid
angle of the magnet inner surface relative to the detector; and
Jops 18 the fraction of the photon energy absorbed in the de-
tector. For Nd-fluorescence photons, the dominant absorption
process in the detector is incoherent Compton scattering, but
the average fraction of energy deposited by this process is
only f,, = E};,./(M, + Ey,,) =~ 8%. Because of this, the en-
ergy absorbed through Compton scattering and Photoelectric
absorption are comparable, and the product P, f,, -~ 0.2%.

Numerically integrating over the measured spectrum
S(E) from a typical shot with a peak laser power of 420 TW,'3
and scaling this model to the x-ray peaks observed by the
existing pTOF, a background peak amplitude of 110 mV is
expected, comparable to the expected proton signal. If nec-
essary, this background may be further reduced by including
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TABLE I. Summary of estimated background levels for MagPTOF.

Source of background Estimated background

110 mV (no filters at detector)
7 mV (w/ filters at detector)

Nd K-shell fluorescence

X-ray scatter from mounting bracket 14 mV
Direct x-rays SmV
e- scattered from W <1l mV

Total 130 mV (no filters at detector)
27 mV (w/ filters at detector)

additional filtering at the detector: the current standard proton
filtering of 50 m Ta + 100 wm Au would reduce fluorescent
x-rays striking the detector by a factor of 15.

Other sources of background were also evaluated. The
direct x-ray spectrum is dramatically reduced by the tungsten
shield and produces only 5 mV of background. X-ray scatter-
ing from the detector mounting bracket, which has been found
to be the primary source of background for the existing pTOF
diagnostic when fielded with 2 cm tungsten shielding (~300
mV), is expected to produce 14 mV for MagPTOF as much
less of the detector mounting bracket is directly exposed to
TCC. Photo- and Compton-scattered electrons from the rear
surface of the tungsten shielding are expected to produce a
background of less than 1 mV. Other sources of background,
such as x-ray fluorescence in the neighboring DIM hardware
and neutron-induced fluorescence, have not been reviewed in
detail, but simple estimates indicate they are negligible com-
pared to the neutron and proton signals and the effects con-
sidered here. Complete modeling of the DIM hardware us-
ing GEANT4, a multi-physics Monte Carlo particle transport
code, will be used to validate these estimates in the future. A
summary of estimated contributions to the MagPTOF back-
ground may be found in Table I. These estimates are compa-
rable to or less than the expected proton signals, allowing a
robust measurement of D*He-proton bang-time.

While the pTOF diagnostic has routinely measured
compression-bang time using 2.45 MeV DD-neutrons, the ad-
ditional mass of the magnet and shielding will scatter neutrons
and change the detector’s effective sensitivity and impulse re-
sponse. The tungsten x-ray shielding has a single-scattering
depth of approximately 2.5 cm for the DD-neutrons. For the
default 2 cm shielding, it is estimated that the fraction of
unscattered neutrons reaching the detector will be ~46% of
the initial neutron fluence. Nearly all (>99%) of the neu-
trons scattered in the tungsten shielding will be deflected suf-
ficiently to miss the detector. The detector occupies a solid
angle fraction of approximately 0.0002 with respect to the
shielding, while the neutrons are scattered over a fraction of
approximately 0.1, with an average scattering angle of ~30°.
For this reason, the neutrons scattered in the shielding are ef-
fectively lost to the measurement.

The substantial mass in the MagPTOF housing and mag-
net will also scatter DD-neutrons into the detector. These scat-
tered neutrons will have longer path-lengths and reduced en-
ergy relative to the direct unscattered neutrons, resulting in
a delayed arrival time at the detector. To evaluate the impact
of such scattering on the observed neutron signal, a model of
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FIG. 7. Simulated energy deposition rate by DD-neutrons in the MagPTOF
detector versus time (blue points). The Monte Carlo N-Particle Transport
code MCNP5 was used for this calculation. The integrated neutron signal
(red dashed line) reaches 89% of the total neutron signal within 20 ps of the
expected arrival time for 2.45 MeV DD-neutrons, confirming that the scat-
tered neutrons will not significantly perturb the DD-neutron measurement.
The model incorporates the detector, 2 cm tungsten shielding, magnet, and
MagPTOF housing in a simplified geometry.

neutron scattering in MagPTOF was developed using the par-
ticle Monte Carlo transport code MCNP5.!* Neutron energy
deposition in the detector was simulated as a function of time
for a simplified version of the MagPTOF geometry including
magnet, housing bracket, 2 cm tungsten shielding, and detec-
tor. In these simulations, 95% of the neutrons passing through
the detector were unscattered. The scattered neutrons appear
as a tail on the time-resolved neutron energy deposition in the
detector, as shown in Figure 7. These scattered neutrons con-
tribute only 11% of the total energy deposited by all neutrons.
Due to the small amplitude of this signal tail, the analysis pro-
cedure for the DD-neutron signal peak as described in Ref. 8
will not be substantially impacted.

Based on these estimates of proton and neutron signals
and x-ray background, a typical MagPTOF trace was sim-
ulated, as shown in Figure 8. This predicted signal is for a
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FIG. 8. Predicted signals and background for the MagPTOF system (blue)
for a NIF implosion with an ion temperature of 3 keV demonstrate a clear
record of both fusion species of interest, distinct from the x-ray background.
This model includes standard additional filtering on the detector, focusing of
the protons, and 54% neutron scattering in the tungsten shield, as well as a 1
mV noise floor associated with the recording system.® Compared to the exist-
ing pTOF diagnostic filtered to admit D>He-protons (red dashed), the Mag-
PTOF upgrade reduces the background by over three orders of magnitude.
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TABLE II. Error budget for MagPTOF-measured compression-bang time
(DD-n), shock-bang time (D*He-p), and compression-shock bang time dif-
ference (ABT).

Source of uncertainty Uncertainty

Crosstiming to laser system +15 ps

Detector IRF (in situ) +25 ps

Forward Fit (S/N = 10) +18 ps

Cable repeatability shot-to-shot +5 ps

Nominal detector distance +0.5 mm —
DD-n, D*He-p +23 ps, 12 ps

On-shot alignment, typical +1 mm —
DD-n, D*He-p 446 ps, 23 ps

+7 ps (D*He-p only)

+5 keV?, 140 keV
— £23 ps, 79 ps

166 ps, 90 ps, 96 ps

Magnet temporal broadening
Mean energy

DD-n, D*He-p
Total: DD-n, D3He-p, ABT

“Fuel velocity 20 km/s.

typical gas-filled hohlraum implosion with D3He gas-filled
target, producing a D*He-proton yield of 1 x 10% and a DD-
neutron yield of 5 x 10'!. Notably, the peak expected x-ray
background has been reduced by over 3 orders of magnitude
from the background in pTOF data when the diagnostic is fil-
tered to admit D*He protons. Such data would readily provide
robust measurements of both the shock- and compression-
bang times using the D3He-proton and DD-neutron signals,
respectively.

Since the detector, cables, signal recording system, and
analysis procedure are all carried over from the pTOF diag-
nostic, the timing uncertainty budget for the MagPTOF up-
grade, shown in Table II, is nearly identical to that reported in
Ref. 8. The dominant uncertainty in the proton time-of-flight
is the uncertainty in the proton energy, which is measured by
the neighboring WRF with a typical uncertainty of £140 ke V.

V. CONCLUSIONS

The MagPTOF diagnostic has been designed for the
NIF to simultaneously measure shock- and compression-bang
time in D*He gas-filled hohlraum implosions. This diagnos-
tic, an upgrade of the existing pTOF diagnostic, incorporates
a thick tungsten filter to shield the detector from high-energy
x-rays generated by the hohlraum, and a magnet to deflect
shock-generated D*He-protons around the shielding and onto
a CVD-diamond detector. Background from x-rays is esti-
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mated to be substantially smaller than the signals of interest.
Neutron scattering in the shielding and magnet has been sim-
ulated and the results indicate that this background does not
impact the ability to measure compression-bang time using
DD-neutrons. This diagnostic capability will provide the first
measurements of shock- and compression-bang time in surro-
gate D*He gas-filled implosions at the NIF, which will mutu-
ally reinforce the proton spectral measurements of the pR at
shock-burn, providing a significant new constraint on model-
ing of the implosion dynamics.
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