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The one-dimensional imager of neutrons (ODIN) at the Sandia Z facility consists of a 10-cm block of 
tungsten with rolled edges, creating a slit imager with slit widths of either 250, 500, or 750 µm. Designed 
with a 1-m neutron imaging line of sight, we achieve about 4:1 magnification and 500-µm axial spatial 
resolution. The baseline ICF concept at Sandia is magnetized liner inertial fusion (MagLIF), which nominally 
creates a 1-cm line source of neutrons. ODIN was designed to determine the size, shape, and location of the 
neutron producing region, furthering the understanding of compression quality along the cylindrical axis of 
magnetized liner implosions. Challenges include discriminating neutrons from hard x-rays and gammas with 
adequate signal-to-noise in the 2e12 DD neutron yield range, as well as understanding the point spread 
function of the imager to various imaging detectors (namely CR-39). Modeling efforts were conducted with 
MCNP6.1 to determine neutron response functions for varying configurations in a clean DD neutron 
environment (without x-rays or gammas). Configuration alterations that will be shown include rolled-edge slit 
orientation and slit width, affecting resolution and response function. Finally, the experiment to determine 
CR-39 neutron sensitivity, with and without an HDPE (n,p) converter, edge spread function, and resolution 
will be discussed.

I. INTRODUCTION

Magnetized Liner Inertial Fusion (MagLIF) 
experiments at the Sandia Z facility use a magnetic field 
combined with laser pre-heating to achieve deuterium-
deuterium (DD) inertial confinement fusion (ICF) 
producing neutron yields that have exceeded 1012

neutrons.1-4 Ideally, MagLIF produces cylindrical neutron 
sources ~ 1 cm long. Imaging the actual source to compare 
with predictions is crucial to our understanding the physics 
of MagLIF. Previous neutron imaging efforts on Z 
experiments using a plastic scintillation detector suffered 
from alignment, fielding, and signal-to-noise issues arising 
from the harsh Bremsstrahlung background on Z and were 
abandoned.5 The neutron imaging system (NIS) at the 
National Ignition Facility is capable of achieving a 2-
dimensional neutron image using thick pinhole and 
penumbral-aperture techniques for yields as low as 1014

neutrons.6 The NIS, however, lacks the sensitivity to 
measure neutron yields of 1012 neutrons. Further, the 

complex NIS likely would not withstand the harsh Z 
environment that includes 30-G ground shocks and 
significant shrapnel.7

These issues are being addressed in the new design of 
a one-dimensional imager of neutrons (ODIN) to make the 
important measurement of the spatial distribution of the 
fusion DD neutron source along the axis of the experiment. 
While x-ray emission imaging from the source plasma 
region is currently a more mature diagnostic and can 
provide significant information on plasma conditions, x-ray 
images are not necessarily a precise indicator of the actual
fusion burn.8 ODIN’s rolled-edge tungsten slit allows for 
the measurement of the neutron-producing regions along the 
axis of stagnation to further understand the physical 
conditions and improve future yields. ODIN’s main design
objective is to create a 1-D neutron image for a 2x1012 DD 
yield with a 500-µm axial spatial resolution. We are 
implementing image plates and CR-39 plastic detectors with 
different filters and (n,p) conversion foils, with high density 
polyethylene (HDPE) being of most interest for knock-on 
proton production. We are also investigating CD2 and Be 
activation foils to enhance signals through their reaction 
products. Early tests, however, indicated that the image 
plate was sufficiently sensitive to the background x-rays as 
to obscure any neutron response. For this reason, CR-39, 
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which is insensitive to photons, is the current neutron 
detector media of choice.

In this paper, we present modeling results to predict the 
neutron point spread function for various slit configurations 
and source locations as well as the experimental results to 
measure the CR-39 neutron sensitivity to DD neutrons.

II. ODIN DESIGN OVERVIEW

FIG. 1. Schematic drawing of ODIN 1.5 slit imager as fielded at the Sandia 
Z facility. Ray trace, in yellow, is shown from the source, through the 
tungsten slit, to the detector locations. Primary, secondary, and tertiary 
detector assembly locations are shown.

Several iterative design improvements have resulted in 
ODIN Generation 1.5 that is currently being fielded on Z 
MagLIF shots as shown in FIG. 1. An overview of the 
dimensions and specifications is shown in TABLE I. The 
entire configuration is positioned inside the ~300 cm 
diameter Z vacuum chamber. The tungsten rolled-edge slit 
assembly is positioned on the final power flow hardware 
ring, and consists of a replaceable stainless-steel housing 
that contains the four pieces of tungsten that form the slit 
(two rolled edge pieces and two spacers). The rolled edges 
have radii of curvature of 50 cm, and the slit spaces were 

fabricated to provide spacing of 250, 500, or 750 µm. The 
slit assembly design allows for two orientations. In one 
orientation, the distance from source to slit center is 22 cm 
and achieves a magnification of 3.6. If the orientation is 
reversed, the length to slit (LTS) center becomes 18 cm with 
a magnification of 4.6. The primary detector assembly is 
located 101.5 cm from the source. The secondary (at 
nominally 90 cm) and tertiary (at nominally 26 cm) 
assemblies provide higher sensitivity with less 
magnification that can be useful for lower yields and as a 
cross-check of image data at three locations.

The two types of passive detectors being used, in 
combination with conversion and activation foils, are image 
plates and CR-39. To date the image plates have been over-
exposed due to the high x-ray signal. As a result, the image 
plates will not yield useful neutron images unless shielding 
can be improved. Making sufficient improvements is 
proving difficult given the high end-point energy and 
extended nature of the Bremsstrahlung source, which arises 
both from source physics and current loses in the 
magnetically-insulated transmission lines. CR-39, on the 
other hand, discriminates well between neutrons and x-rays 
and is currently our DD detector of choice on Z.9-11

III. MCNP FLUX RADIOGRAPH STUDY

MCNP6.112 was used to create neutron flux images on 
a rectangular radiograph planar grid. This tally uses an array 
of point detectors to measure flux at various points on a 
defined grid. When used with the MCNP plotting features, 
such images can be quite useful for visual interpretations of 
source location sensitivity studies at different planes, 
namely the three detector locations. FIG. 2 below depicts 
the orientation of the two slit geometries that were initially 
modeled to produce radiograph flux images.

FIG. 2. Orientation of ODIN slit assemblies as modeled in MCNP. The 
difference in the two orientations is the length to the slit, resulting in 
different magnifications shown at the primary detector assembly.

These initial MCNP studies used an ideal environment 
– one without shielding – for baseline neutron images
through the slit. The simulation used a point DD fusion 
source with a temperature of 2.5 keV. The slit opening was 
15 cm from source with two detectors – one at 26 cm from 
the source at the back of slit assembly to mimic the tertiary 
assembly, and one at 101.5 cm from source for the primary 
assembly. The radiograph flux images consist of 100x100 
point detectors, with a grid size of 0.6 mm over the 60x60 
mm detector. Figures 3 and 4 compare the orientation of the 
slit assembly with respect to magnification changes. 
Visually, the magnification effects are observable and 

TABLE I. ODIN Specifications.

W Slit Assembly Height (cm)
(y-direction)

5

W Slit Assembly Width (cm)
(x-direction)

5

W Slit Assembly Length (cm)
(z-direction)

10

Line-of-sight (LOS), L1 (cm)
(Length to CR-39 Detector)

101.5

Length to Slit (LTS), L2 (cm) 18
22

Slit Dimension (µm) 250
500
750

Radii of Slit Curvature (cm) 50

Magnification – 18 cm LTS
– 22 cm LTS

4.6
3.6

W Neutron Mean Free Path (cm) 2.2

Vertical Field of View (cm) 1

CR-39 Neutron Sensitivity
(Tracks per Neutron)

1e-4
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consistent with analytical magnification calculations, 
therefore creating confidence in this and future models.

FIG. 3. Flux radiograph simulation images with 18 cm LTS, resulting in 
4.6 magnification at LOS, for each slit dimension (250, 500, 750 µm).

FIG. 4. Flux radiograph simulation images with 22 cm LTS, resulting in 
3.6 magnification at LOS, for each slit dimension (250, 500, 750 µm).

IV. MCNP POINT SPREAD STUDY

In addition to the visual flux radiograph studies, we also 
studied the point spread functions for varying slit 
geometries. FIG. 5 shows one such study for the 250-micron 
slit oriented with an 18-cm LTS (smaller opening toward 
the source). The bottom images are the corresponding 
radiograph flux images. In this study, the point source 
location was moved off-axis from 0.0 cm to 0.5 cm in 0.05 
cm increments. The magnitude of each point spread was 
consistent until reaching the far limits off-center. With finer 
tally binning, the top of each point spread would have been 
flat (as seen with the 0.20 cm point) and corresponds to the 
slit opening. The sloped portions are due to neutron 
transmission through the tungsten. Analytical calculations 
have also been completed, and substantiate the MCNP 
model with scatter through the tungsten slit assembly.13

FIG. 5. Neutron flux point spread through 250 micron slit (18 cm LTS, 
small opening toward source), with varying vertical (y-dir) source location 
from 0.0 to 0.5 cm in 0.05 cm increments. With symmetry, varying the 
vertical source location in the negative direction is inferred.

V. IBL EXPERIMENT AND DISCUSSION

Sandia’s Ion Beam Laboratory (IBL) was used for an 
experiment to determine CR-39 DD neutron sensitivity
(with and without an HDPE (n,p) converter foil), edge 
spread function, and resolution. A 300-keV Cockroft-
Walton generator accelerated D+ ions to 175 keV, 
producing roughly 2.7 µA of beam current onto a 2.5-µm 
thick ErD2 target. The experimental geometry is shown in 
FIG. 6. DD neutrons are produced via the fusion reactions:

� + � = � (1.01 ���) + ��(3.01 ���) 50%�
�

�
�

�
�   (1)

                   = �� (0.82 ���) + ��(2.45 ���) 50%�
�  (2)

FIG. 6. Schematic drawing of Sandia’s Ion Beam Laboratory (IBL) 300-
keV Cockroft-Walton generator, configured for DD and 3” source standoff 
(was also configured for 6” source standoff for second run).
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Integrated with the target chamber are two surface barrier 
detectors fixed at angles of 110o and 165o relative to the 
beam that measure charged particles produced in the fusion 
reactions. The number of protons detected in either surface 
barrier detector (SBD) can be used to infer the number of 
neutrons produced at any given angle based on reaction 
branching ratios and kinematics. Using the associated 
particle method, the -95° orientation will produce 2.45-
MeV neutrons while the 0° orientation will produce 
approximately two times more 2.9-MeV neutrons.14 These 
two orientations were chosen for this kinematic reason. Two
separate beam runs were conducted: one with the detector 
packages at three inches from the target and one at six 
inches. FIG. 7 shows the detector package and components 
used for both three-inch standoff and six-inch standoff beam 
runs.

FIG. 7. Detector package with HDPE (n,p) converter and CR-39, shown 
installed for Run1 at 3” source standoff and Run2 at 6” (0° and -95°).

High-density polyethylene (HDPE), which was used as a 
proton converter, was cut in a manner that enabled the CR-
39 to be directly irradiated and irradiated behind the 
conversion material on the same run. The cutout section of 
the HDPE gave us two separate surfaces for edge spread 

studies. The HDPE (n,p) converter will produce roughly 
four times as many tracks as the unfiltered CR-39, 
increasing the CR-39 sensitivity of 1e-4 tracks per 
neutron.10,15 This will produce an edge spread function that 
can be analyzed with current point spread. The goal of the 
experiment was to nominally produce 10 tracks per pixel at 
the -95° detector, and roughly double the number at the 0°
detector. TABLE II. compiles the experimental data that 
will be used to meet the objective once the CR-39 is etched 
and analyzed. CR-39 etching and microscopy analysis is on-
going and being be performed by MIT.

VI. CONCLUSIONS AND FUTURE WORK

Modeling efforts, with subsequent IBL experiments, 
continue to advance the neutron imager using an HDPE 
converter and CR-39 plastic detector. Future modeling 
efforts include proton recoil for DD neutrons entering CR-
39 and proton recoil for DD neutrons entering 1-mm HDPE 
followed by CR-39, to further understand the resolution of 
the CR-39 detector. Future IBL experiments include 
repeating current experimental setup with DT neutrons.
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TABLE II. ODIN IBL CR39 Study. 

RUN 1 RUN 2

0° 95° 0° 95°
CR-39 Etched Label 02-032 03-033 03-035 03-034

Distance to Detector
Package (in)

3 3 6 6

Distance to CR-39 
Detector (in)

3.55 3.55 6.55 6.55

Active Beam
Time (s)

66026 66026 226840 226840

Neutrons incident
on CR-39

5.42E9 2.71E9 5.62E9 2.81E9

Neutrons incident
per pixel

1.47E5 7.35E4 1.52E5 7.61E4

Neutron tracks
per pixel

14.7 7.35 15.2 7.61


