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The next-generation Magnetic Recoil Spectrometer, called MRSt, will provide time-resolved mea-
surements of the deuterium-tritium-neutron spectrum from inertial confinement fusion implosions at
the National Ignition Facility. These measurements will provide critical information about the time
evolution of the fuel assembly, hot-spot formation, and nuclear burn. The absolute neutron spectrum
in the energy range of 12-16 MeV will be measured with high accuracy (~5%), unprecedented energy
resolution (~100 keV) and, for the first time ever, time resolution (~20 ps). Crucial to the design of
the system is a CD conversion foil for the production of recoil deuterons positioned as close to the
implosion as possible. The foil-on-hohlraum technique has been demonstrated by placing a 1-mm-
diameter, 40-um-thick CD foil on the hohlraum diagnostic band along the line-of-sight of the current
time-integrated MRS system, which measured the recoil deuterons. In addition to providing validation
of the foil-on-hohlraum technique for the MRSt design, substantial improvement of the MRS energy
resolution has been demonstrated. Published by AIP Publishing. https://doi.org/10.1063/1.5052184

. INTRODUCTION AND MOTIVATION

Time-integrated diagnostics, such as neutron time-of-
flight (N'TOF) spectrometers'? and the Magnetic Recoil Spec-
trometer (MRS),3‘5 have routinely measured the yield, down-
scatter ratio (DSR), and ion temperature (T;,,) in deuterium-
tritium (DT) implosions at the National Ignition Facility
(NIF).° These diagnostics are crucial to the facility; however, in
order to assess how the fuel assembly and nuclear burn evolve
during the implosion, time-resolved neutron measurements are
the key. The MRSt”~ is being designed as the first instrument
for time-resolved measurements of these parameters.

The current MRSt design consists of the following main
components: a thin CD foil, positioned on the hohlraum about
4 mm from target chamber center (TCC), which generates
recoil deuterons; four electromagnets, two quadrupoles and
two dipoles, to focus the recoil deuterons; a CsI photocathode
positioned at the focal plane for detection of ions and sec-
ondary electron (SE) production; a pulse-dilation drift tube
for un-skewing and dilating the SE; a microchannel plate and
segmented anode array at the end of the drift tube; and shield-
ing for neutrons and y-rays enclosing the pulse-dilation drift
tube. The aspects of the design that are fixed are the magnet
design, the use of the foil attached to the hohlraum, and select-
ing lead-free microchannel plates for the SE gain. The foils
for the final design will be selected from a pre-determined
list, approximately 400 pm in diameter with varying CD
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thicknesses, to help balance statistics and energy resolution
based upon the expected DT neutron yields.

A key component of the MRSt design is the CD conversion
foil used to produce recoil deuterons, scattered by DT neu-
trons, which are momentum-analyzed by a multiple-magnet
system before being detected by a focal plane detector. The
current time-integrating MRS systems!? at both OMEGA'!
and the NIF use large, well-characterized, CD foils placed at
a known distance from TCC. These configurations are suffi-
cient for time-integrated measurements; however, in order to
preserve the timing information desired for the MRSt, the ion-
optics design requires nearly a point source of recoil deuterons.
To accommodate such a requirement, the conversion foil needs
to be placed as close as possible to TCC and therefore the
neutron source.

This paper discusses the technique developed to field thin
CD foils mounted on the outside of the hohlraum. Section II
describes the foil fabrication and placement on the diagnos-
tic band of the hohlraum. Section III discusses tests of the
concept on three facility diagnostic shots and the measured
results using the currently implemented MRS. Finally, Sec. IV
describes the implications for the path forward for the MRSt
and MRS based on these results.

Il. FOIL CONSIDERATIONS
A. Foil fabrication and characterization
Two different types of tantalum-backed CD foils were fab-

ricated by General Atomics for this proof-of-principle study

Published by AIP Publishing.
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using similar techniques developed for the current MRS sys-
tem,!? with a 1-mm diameter chosen to ensure that there
would be sufficient statistics for the measurement. Both foil
types were glow-discharge polymer (GDP) CD coated onto
nominally 45-um-thick, 1-mm-diameter polished tantalum
backing. The characteristics of the CD foil are a density of
1.1 £ 0.1 g/cc and a D:C ratio of 1.46 + 0.05. The foil types
delivered for the shots were flat or bent with a radius of
curvature to match that of the diagnostic band of the thermo-
mechanical package (TMP). To be certain that the foil was
placed in the appropriate orientation, with the Ta backing fac-
ing TCC, it was determined that curved foils would be best to
mitigate failure. A visible inspection as to whether or not the
foil had “wings” if attempted to be placed incorrectly could be
conducted during the assembly process.

To fabricate the foils, the first step was to polish the Ta sub-
strate to be used as the backing material. This bulk material was
polished to a thickness of 45 um, with the characterized rough-
ness on average being 0.2 um. From this bulk material, two
procedures were attempted for producing the 1-mm-diameter
coated foils. The first attempt was to GDP coat the entire bulk
and then to laser cut the individual foils. For the second attempt,
1-mm-diameter disks were laser cut with a small tab to hold
them in the bulk, then GDP coated, then gently removed from
the bulk material.

As GDP can potentially de-laminate from the substrate,
particularly while laser cutting, attempting both provided
insight into which would be more successful for the test foils
as well as the future routine foils. In addition to the concern
of de-laminating, the possibility was present that sharp edges
on the cut tantalum backing could potentially damage other
delicate parts of the assembly, therefore ruining the hohlraum
build. Coating on the edges of the Ta backing would be more
probable for foils that were cut then coated, which would
cause issues with the produced signal as it would be diffi-
cult to account for in the instrument response function (IRF)
calculations.

For the foils that were coated and then laser cut, the
CD de-laminated from the Ta backing, and thus could not
be further characterized or curved to match the TMP. The
laser cut and then coated foils were successfully removed
from the bulk material with minimal CD coating on the
edges. Upon this success, the curved foils were attempted
by beginning with polished bulk Ta that was bent around
a metal dowel. The 1-mm-diameter foils were cut and held
in the bulk with tabs, CD coated, and then removed. Dif-
ferent diameters of the initial curve were added to the bulk
as the final curve of the foil would change due to the
spring back of the metal caused by the addition of the GDP.
To add the requested curvature of ~4-mm radius to the
foil, the best results were from beginning with 2-mm-radius
curved Ta.

Both the flat and curved foils were characterized in terms
of surface roughness and thickness with five-point measure-
ments of the GDP coating. This information is essential to the
MRSt IRF calculation. For the flat foils, the surface rough-
nesses ranged from 1.01 to 1.50 um root-mean-square rough-
ness (Rq), while for the curved foils, the surface roughness
ranged from 1.32 to 1.82 um Rq. This was unexpected, but
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likely due to the higher-than-usual rate at which the GDP
was coated onto the Ta backing. The curved foils with the
three lowest values for roughness were chosen for the tar-
get builds as the curvature would help mitigate failure due
to the visible correct orientation of the foil with respect to
the TMP.

B. Foil placement on the hohlraum

To measure the recoil deuterons from the CD foil, the MRS
was used. The dimensions of the CD foils would allow for a
balance between energy resolutions of the system while not
sacrificing measurement efficiency. The system can be config-
ured to measure both recoil protons and deuterons, depending
on the number of CR-39 detectors selected and the filter-
ing thickness and type placed in front of them, allowing for
more customizable setups. In addition, the IRF can be inde-
pendently calculated from the first principles for the as-built
configuration.

As the MRS is positioned along the line-of-sight (LOS)
with a polar angle of 73° and an azimuthal angle of 324°, the
foils were positioned on the hohlraum along this LOS. Figure 1
shows the nominal placement of the foil on the TMP (given in
spherical chamber coordinates). The diagnostic band included
a Mylar window used by other diagnostics. This Mylar win-
dow is nominally 6-um thick and 13.1 mm? in area. A batch
of CH foils for these tests, to attempt to measure recoil pro-
tons, was not manufactured due to concern for potential signal
contamination from the protons originating from the Mylar
window.

C. Impact of heating and scattered laser light on foil

Due to the fragile nature of the CD foils and the close
proximity to TCC, understanding the potential impacts of heat-
ing and unconverted laser light on the characteristics of the
foil was an important aspect of this proof-of-principle study.
This prompted a VISRAD'3 evaluation of the surrounding
conditions and their impact on the CD foil. Figure 2 shows
the radiation temperature, T,, during the main laser pulse
for a similar peak laser power to the pulse requested for the
foil-on-hohlraum test shots.

With a mass ablation rate (g/cm?/s) for a given material of
=3 x 10°T?3, where T, is in hundredths of eV,'* a tempera-
ture of 26 eV, as determined from the VISRAD, will ablate
5273 g/cmz/s. For the calculation, the bang time for a

Aluminum TMP
MRSt Foil
(73°,324°, 4.156mm)

Gold hohlraum

Mylar window

CH-coated
dimpled shield

FIG. 1. Nominal placement of the 1-mm-diameter CD foil on the diagnostic
band in spherical target chamber coordinates.
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CH-coated
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Aluminum TMP,
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Radiation Temperature (eV)

oo [ =

FIG. 2. VISRAD model of the target, which includes the aluminum TMP,
gold hohlraum (inside the TMP), and CH-coated dimpled shields, during the
main laser pulse. The radiation temperature in the external hohlraum is ~26 eV
throughout the main drive of the laser pulse. Additionally, based on the VIS-
RAD, the unconverted laser power primarily hits the outer surfaces of the
shields and does not directly illuminate the TMP.

companion shot with the same requested laser pulse was ~7 ns.
Therefore over the duration of the exposure to the radiation
field, 3.7 x 1072 mg/cmz, or 0.34 um of CD material will be
ablated from the surface. This corresponds to ~0.8% of the
material, which is negligible for the efficiency and response
calculations.

lll. FOIL-ON-HOHLRAUM TESTS

The foil-on-hohlraum configuration was fielded on three
facility diagnostic shots: N171022-002, N171112-002, and
N171120-001.'% This series was chosen as it was designed
for neutron diagnostic calibrations with expected DT yields of
approximately 10'>. The capsule with a high-density carbon
ablator would also have insignificant impact on the MRS sig-
nal as there would not be CD in the shell material to produce
elastically scattered deuterons.

Figure 3 shows the CD foil placed on the TMP as well as
a zoom-in of the CD foil itself. The technique used to place
the foil was based upon previous work in gluing samples along
the TMP for use in radiochemistry experiments.'® The posi-
tion tolerance for the foil placement is £50 um in both the
dispersive and non-dispersive directions of the MRS system.
This corresponds to +0.7° for the nominal radial placement of
4.156 mm from TCC. This value was limited by uncertainty in
the physical placement of the foil during the target build and
the uncertainty in the alignment of the target within the NIF
chamber.!’
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FIG. 3. Side-on photograph of the target build for shot N171022-002. The
inset is a zoomed-in photograph of the CD foil, with the Mylar diagnostic
window visible behind. The rough surfaces visible on the foil are real features,
as described in Sec. II A. IM: LLNL-PHOTO-739929.

This uncertainty in placement for the 1-mm-diameter foils
corresponds to +0.2 keV in T;,,, measurements and was deter-
mined by moving the foil in the simulation and seeing what
the +50 um displacement corresponded to in terms of impact
on broadening. The primary impact of foil misplacement is an
increase in the average scattering angle. As the recoil deuteron
energy is proportional to E, cos(6)?, where E,, is the neutron
energy in MeV and 0 is the scattering angle, small angu-
lar changes at larger scattering angle have a bigger impact
than at smaller scattering angle. The foil misplacement uncer-
tainty is the biggest source of uncertainty on T;,, in this
configuration. If the foil location is known perfectly, other
sources of uncertainty, e.g., foil thickness, density, distance
from TCC, radius, magnet aperture size, and distance together
only give a +0.13 keV systematic uncertainty in T;,,,, therefore,
achieving high precision in the foil placement for each shot is
important.

Table I summarizes the positions of each foil in target
chamber coordinates. The desired placement uncertainty was
achieved for the first two target builds; however, on the third
build, the foil was misaligned by approximately 70 um in the
non-dispersive direction and 330 um in the dispersive direc-
tion. This could not be adjusted prior to the shot due to the risk
of damaging the Mylar window and TMP glue joints. However,
this provided for an excellent opportunity to study tolerances
in the foil positioning and the impact on the yield and Tj,,
measurements.

A. Results

Figure 4 shows MRS data for shot N171022-002.
The dispersive and non-dispersive directions of the magnet
correspond to X and Y, respectively. The deuteron signal is
concentrated in a vertical band to the left of the processed

TABLE I. Foil thickness, area, roughness, and location in spherical chamber coordinates for each of the three
foil-on-hohlraum target builds. The average thickness of the polished Ta backing for each foil was 44 + 1 um.
The second foil was placed the closest to specification of the three.

Shot number CD thickness (um) CD area (mm?) Roughness (um) Location

N171022-002 39+1 3.14 £ 0.20 1.320 73.76°, 324.275°, 4.173 mm
N171112-002 41+ 1 3.14 £ 0.20 1.339 73.17°, 324.32°,4.188 mm
N171120-001 38+1 3.20 +£0.20 1.362 74.01°,328.71°, 4.149 mm
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>

6.2cm

Non-dispersive direction (Y)

Dispersive
direction (X)

FIG. 4. MRS data for shot N171022-002. From this image, the MRS spectrum
can be determined, from which the yield and Tj,, can be determined.

image. Using the location-to-deuteron energy relationship,
known from simulations, the location of the tracks along the
CR-39 can be projected onto the dispersive axis to produce a
histogram of the number of tracks per MeV. For more details
on how MRS data are processed, the reader is referred to
Refs. 10 and 18.

Figure 5 shows the MRS spectra for each shot. Fits
for each shot include an IRF calculated for the specific foil
placement and a flat CD foil with the correct thickness and
area specifications. On the third shot, the offset of the foil
along the dispersive direction visibly broadened the signal,

4
x10
5 : : : :
4l N171022-002 _
- 14
3l Y, = (9.3120.47)x10™ |
E__ =12.19 MeV
mean
2r T =41+0.2keV 7
ion
1 L -
0 —— ——t
4
x10
8 : : : :
> ol N171112-002 |
s Yo, = (1.51:£0.07)x10"
= 4t E =12.22 MeV ]
N mean
c T =39+02keV
ion
D 2t .
(7}
4
x10
4 . . . .
3l N171120-001 |
g, = (9.1840.46)x10™
ol E___ =12.20 MeV _
mean
1 L -
1 11.5 12 12.5 13 13.5

Deuteron Energy [MeV]

FIG. 5. Primary deuteron spectra for (top) N171022-002, (middle) N171112-
002, and (bottom) N171120-001. The additional broadening of ~100 keV
FWHM in the third shot is attributed to the foil being placed ~330 um offset
in the dispersive direction.
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FIG. 6. The full MRS deuteron spectrum for shot N171022-002, which
includes the undesired feature of a peak at ~10 MeV, due to CD material
on the side of the Ta backing facing TCC. This undesired peak emphasizes
the importance of eliminating CD on surfaces of the Ta that are not facing the
MRS LOS. Note the primary peak at ~12 MeV.

especially compared with the nominally placed foil results.
As the foil was curved to the TMP, but not entirely along the
desired LOS, the scattering angle at which the recoil deuterons
left the foil would not be the same as for the centered foil. An
adjusted IRF was used to generate the fit for the third shot by
translating the foil from the central position. However, addi-
tional work needs to be performed to fully account for offset
foils in the future, particularly taking into account the curva-
ture of the hohlraum as the foil is moved around it from the
desired LOS. As the hohlraum radius of curvature is ~0.42 cm
that means that a 300-um offset along the hohlraum wall will
effectively “tilt” the foil ~4° in the MRS LOS, leading to a
different effective foil thickness. Additional improvement
could possibly be made by incorporating the curvature of the
foil itself.

For shot N171022-002, the MRS was configured to mea-
sure deuterons in the energy range of 3—15 MeV. This was

x10%

w
o
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o N oW
T T
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©
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-
T
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'

o
3}
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10 11 12 13 14
Proton Energy [MeV]

FIG. 7. The proton spectrum measured on shot N171112-002. The back-
ground of protons from the Mylar window and other nearby components,
particularly at higher energies, could adversely impact MRSt measurements
if using CH foils.
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TABLE II. The DT yields and Tj,, inferred from the MRS and nTOF data; the nTOF values listed are the average
of several nTOF measurements. The MRS yield uncertainties include the contribution from both statistical and
systematic sources. The T;,, is not reported for MRS on the third shot due to the foil misplacement causing a large
uncertainty.

Primary DT yield Tion (keV)
Shot number MRS nTOFs MRS nTOFs
N171022-002 (9.31 £0.47)x10'* (9.01 £0.28)x10'4 41202 427+0.18

N171112-002
N171120-001

(1.51 £0.07)x10"?
(9.18 + 0.46)x10'*

(1.58 £ 0.05)x10"? 3.9+02
(9.49 + 0.29)x10'

4.08 £0.12
4.24 +0.20

performed to check for lower-energy contributions in the
spectrum that could negatively impact using this configura-
tion as a DSR measurement. Figure 6 shows the results of
this measurement. The signal that peaks at approximately
10 MeV corresponds in energy to recoil deuterons from
the primary neutrons that have traversed through ~40 um
of Ta. This indicates that some small amount of CD could
have been on the frontside (facing TCC) of the nomi-
nally 45-um-thick Ta backing. In addition, the signal below
~8 MeV is believed to be from the knock-on deuterons'® from
the implosion ranging through material thicknesses along the
MRS LOS.

For shot N171112-002, a MRS configuration that was set
up to measure protons in the energy range of 10-14 MeV
to check for any background issues near the source, and
the resulting spectrum is shown in Fig. 7. The structure
between 12 and 14 MeV, which could adversely impact
MRSt measurements if the system is re-configured to use
CH foils, is due to a combination of the Mylar window and
glue used to seal the Mylar window. The lower-energy con-
tribution is likely from a combination of additional target
build materials such as the 200-um-thick aluminum diag-
nostic band, CH-coated dimpled shields, components of the
TMP subassembly, the glue used in other parts of the tar-
get assembly, as well as deuteron breakup, which gives a
proton continuum up to 11.8 MeV. Significant quantities of
glue are needed around the edge of the Mylar window and
along the TMP joints to create the vacuum-tight seal and
are not easily quantifiable. The overall level of contribu-
tion of each background source material is currently being
investigated.

Table II summarizes the DT yields and ion temperatures
inferred from the MRS and nTOF data. The reduction in yield
on the first and last shots is expected as these implosions
were purposely driven with a strong laser-drive P1 asymmetry,
therefore reducing the yields.!> The apparent Tj,,, as deter-
mined from the nTOFs and MRS, agrees within error bars for
the first two shots. The MRS T;,,, value for the third shot is not
reported as there is ~1.3 keV uncertainty in the value due to
the foil misplacement.

IV. PATH FORWARD AND CONCLUSION

The success of the foil-on-hohlraum proof-of-principle
study provides guidance for the fabrication of the CD foils for
the MRSt. To measure the DSR, it has been determined that

a Ta backing greater than 45 um is necessary in case there is
CD on the frontside of the Ta backing. Due to the presence
of a proton background from the Mylar window and the glue
used to adhere it to the TMP, it has been determined that the
best configuration for the MRSt will use a CD foil for recoil
deuterons.

From the foil fabrication point of view, improvement in the
GDP smoothness is essential for the physics shots, particularly
for generating an accurate IRF for the Tj,, measurements. As
the roughness can lead to thickness variation, recoil deuterons
could potentially range differently as they exit the foil, leading
to a variation in response. This would negatively impact the
shape of the primary peak, making it more difficult to study
the physics from detailed shape measurements. In addition, the
effort to pre-bend the foils before coating would not be neces-
sary for the thicker Ta backing because that can be scratched
with a fiducial marking on the back side to assist in the target
assembly process. However, even with the thicker Ta, it is still
undesirable to have CD on the frontside or edges of the Ta
backing.

In addition to MRSt development, this concept can be
used with the current NIF MRS system for higher resolu-
tion measurements at the same efficiency, even surpassing the
results from the recent foil upgrade.”® Smaller diameter foils
with ~100-um-thick Ta backing with different CD thicknesses,
ranging from 2.5 um to 40 um, selected appropriately based
on the expected DT neutron yield, could greatly improve the
energy resolution of the measurements. Preliminary calcula-
tions indicate that an energy resolution of ~180 keV FWHM
could be achieved for the primary DT neutron peak for a config-
uration using a 500-um-diameter, 20-um-thick CD foil. This
is three times better resolution than the current MRS high-res
mode. The success of this concept has also prompted explor-
ing modification of the OMEGA MRS?! to allow for a closer,
smaller foil to provide an independent T;,, measurement on
implosions of cryogenically layered targets.??
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