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Abstract

An advanced neutron beam collimation system has been developed as part of an e�ort to optimize neutron
beam transport at the Weapons Neutron Research (WNR) facility [1], located within the Los Alamos
Neutron Science Center (LANSCE). The goal of this work was to develop and demonstrate techniques
to tailor neutron delivery in order to provide maximum available 
ux on sample with a speci�c beam
pro�le, while simultaneously reducing unwanted background. A holistic approach was taken, upgrading
the facility spallation target, facility metrology infrastructure and 
ight path shutter insert to support the
implementation of this advanced collimation system. Modern instruments and software were employed to
conduct facility surveys, characterization of as-built geometry of critical components, 3D ray tracing and
neutron transport calculations. Beam images and 
ux measurements were acquired after installation to
evaluate the performance of the collimation system and demonstrate consistent agreement with MCNP
simulations which showed an 87% increase of 
ux on sample while providing suppression of background
neutron impingement on the sample frame by 103.
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1. Introduction

Precision nuclear cross section measurements of
short-lived radioisotopes require high 
ux, low
neutron-induced background, uniform beam spots
and accurate delivery. These requirements are cru-
cial to enhance signal-to-noise sensitivity with small
quantity samples of radioisotopes, which could be
as low as a few� g. These unique reaction measure-
ments are executed at a newly developed instru-
ment, hotLENZ [2], installed at the WNR 
ight
path 90L (FP90L) at a distance of 8.25 meters from
the WNR spallation target 4 (T4). To deliver the
highest quality neutron beam on sample for these
measurements, a new collimation system was de-
veloped to provide neutron beam transport, meet-
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ing the requirements of the upcoming experimen-
tal campaign while seamlessly integrating with the
WNR facility.

The goals of this e�ort necessitated a high-�delity
spatial model of the WNR facility be developed
and precision inspections of the spallation target
be undertaken. The WNR facility produces neu-
tron beams with energies ranging from 0.1 MeV to
more than 600 MeV by bombarding an 800 MeV
proton beam into an unmoderated tungsten spalla-
tion target 6 meters deep inside the WNR concrete
bulk shield. The stringent neutron beam require-
ments and long 
ight paths demand the as-built
dimensions of the spallation target be understood
to tens of microns, and the absolute location of
the spallation target (T4) within the facility bulk
shield be known on the order of 100� m. A facility
wide metrology network was established to provide
a skeleton onto which the spatial model was built.
A second generation spallation target (T4GEN2)
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was developed [3], incorporating modern metrol-
ogy techniques to enable high precision inspections
and surveys of its absolute position. Neutron beam
shutter surveys were executed at the 
ight path to
provide the spatial data needed to complete the
high-�delity facility model.

This holistic approach for the optimization and
evaluation of neutron beam transport at WNR re-
quired the implementation and leveraging of mod-
ern tools, work 
ows and techniques. Facility up-
grades, high precision inspections, 3D modeling,
neutron transport studies, and sophisticated data
work 
ows all fed into the development e�ort to
provide a clear understanding of what was needed,
what was possible, and how to successfully deliver.

The layout of this paper is as follows: Section 2
describes the design of the upgraded spallation tar-
get, which includes a new metrology crown that ties
into the facility wide metrology network described
in Section 3. Section 4 details the development of
an improved collimation design that was informed
by MCNP simulations and the newly measured as-
built dimensions of the 90L 
ight path. Section 5
discusses the commissioning of the collimation de-
sign and e�orts to validate the improvements pre-
dicted by MCNP through developing beam image
plates and from neutron 
ux measurements. This
paper concludes by emphasizing the importance of
optimizing the neutron 
ux on sample while min-
imizing backgrounds to successfully perform cross
section measurements of short-lived radioisotopes
involving small sample sizes and a time constraint
in which the measurement needs to be completed.

2. WNR Spallation Target Upgrade

2.1. Design of T4GEN2

The upgraded spallation target was designed to
allow for an e�cient retro�t of the WNR spalla-
tion target insertion device while working in a high
radiation area. In order for this to be a drop in re-
placement for the existing target, it was completely
redesigned from the baseplate down while maintain-
ing identical attachment points to the insertion de-
vice (See Figure 1).

The T4GEN2 baseplate was designed with inte-
gral cooling lines, freeing up space for the dynamic
components of the metrology crown. The crown,
shown in blue in Figure 2, is attached to a cus-
tom designed pneumatic actuator. This actuator is
an edge welded bellows based linear actuator with

Figure 1: First generation (left) and second generation
(right) of the WNR spallation target.

Figure 2: Second generation spallation target with metrology
crown (blue) in retracted position (left) and inserted posi-
tion (right). Note integral gold plated retrore
ector �ducials
positioned at 15 � , 30� and 90� and kinematic clamp on top
of baseplate.

an integrated spring return. The actuator was de-
signed in this fashion to meet the radiation hardness
requirements for extended operation in the high ra-
diation �elds directly above the spallation target.
The spring and bellows assembly was carefully de-
signed with the proper spring rate, preload, bellows
e�ective area and travel to balance the weight of
the metrology crown, therefore requiring only at-
mospheric pressure to insert the crown into sur-
vey position and bypass into vacuum to retract.
This ensures the crown stays up and out of the way
without any intervention during normal operations,
safeguarding the proper operation of the spallation
target.

The metrology crown, with its integral gold
2



Figure 3: Optical CMM inspection data with nominal 
ight
path axes extracted from geometry.

plated retrore
ector �ducials, is lowered into posi-
tion from its retracted state and engages a Maxwell
kinematic clamp [4] built into the upper baseplate
as shown in Figure 2. The kinematic clamp is
composed of three ground tungsten carbide vees
mounted to the top of the baseplate. The vees
mate with their corresponding ground stainless
spheres, attached to the crown via vertical shafts.
This assembly creates a highly repeatable, prop-
erly constrained 6 degree-of-freedom (6DOF) kine-
matic system. Since the �ducials which will be used
to locate this assembly within the Target 4 vac-
uum chamber (T4 crypt) deep inside the WNR bulk
shield need to be known to high precision with re-
spect to the actual spallation target geometry, this
kinematic system is essential for the highly repeat-
able placement of the metrology crown in its lower
position for survey from multiple 
ight paths.

2.2. Inspection and Fiducialization

A high resolution optical coordinate measuring
machine (CMM) system (Creaform MetraSCAN
750) [5] was employed to scan and probe the spal-
lation target. Point cloud data was collected and
meshed, and best �ts of all of the critical as-built ge-
ometry of the target were calculated. The center of
the tungsten spallation target was determined from
this data and a horizontal working plane created
through this point. From this geometry, a nominal
axis for each 
ight path angle (15� , 30� and 90� )
was created as shown in Figure 3. This data was
used to guide the optical marking of the spallation
target housing with a laser tracker system (Faro
Vantage E6) [6]. The optical marks are placed at
the nominal intersection of the 
ight path axis with

Figure 4: Temporary spherically mounted retrore
ector �du-
cials (re
ectors with blue ring) on top of the T4GEN2
metrology crown.

the target housing to support e�cient optical sur-
veys by instrument scientists choosing to do so at
their 
ight paths.

Once the as-built spallation target geometry was
acquired, the metrology crown was lowered into its
kinematic mount. The crown was raised and low-
ered multiple times to assess the repeatability of
placement of the metrology crown by measurement
with a laser tracker system. The permanent �du-
cials are meant to be surveyed from speci�c an-
gles corresponding to the individual 
ight paths,
therefore temporary �ducials were utilized to expe-
dite this repeatability test in a laboratory setting
(Figure 4). To further simplify this assessment, an
alignment frame is created in software [7] and tied
to the temporary �ducials on the crown. Every time
the crown is lowered, the �ducials are surveyed and
the alignment frame is best �t to the �ducials. A
comparison was made, frame to frame, from every
insertion to determine the repeatability of place-
ment. The repeatability was consistently under 15
� m and rotations about the reference axes was un-
der 0.005� , far exceeding expectations. An example
from one insertion is shown in Table 1.

Table 1: Results from a typical crown insertion in lab

Crown Actual Frame to Reference Frame
(mm) or ( � ) X Y Z
Translation -0.003 -0.006 -0.002

Rotation 0.0015 -0.0010 -0.0003
X Axis 1.000000 0.000005 0.000018
Y Axis -0.000005 1.000000 0.000025
Z Axis -0.000018 -0.000025 1.000000
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After the repeatability of the metrology crown
was determined, the permanent retrore
ector �du-
cials on the metrology crown had to be surveyed
from multiple locations since they are not all vis-
ible from a single location. To do this, a uni�ed
spatial metrology network (USMN) [8] was created
in the lab utilizing a laser tracker and permanent
monuments on two granite tables. Once the USMN
was established, the �ducials were surveyed from
multiple laser tracker setups and the �nal location
of all of the �ducials was determined. The opti-
cal CMM inspection data also digitized a set of the
monuments on the granite table, therefore the as-
built spallation target inspection data as shown in
Figure 5 could be best �t into the metrology crown
�ducial survey, creating a complete inspection �le
for use during T4GEN2 surveys and alignments af-
ter installation at the WNR facility.

2.3. Installation

T4GEN2 was designed to be a drop in replace-
ment of the existing spallation target. The spalla-
tion target insert mechanism was removed from the
T4 crypt, the old spallation target was cut o� its
baseplate and placed into a cask and the old base-
plate was removed. The new T4GEN2 assembly
was then installed on the target insert mechanism,
coolant lines were attached and the air supply for
the linear actuator was routed through the insert
mechanism assembly and connected. Once the as-
sembly was completed, the metrology crown and in-
sert mechanism's movements were tested to verify
no interference was present in the upgraded assem-
bly. The insert mechanism was installed and the
target was guided into place with the existing T4
alignment system.

3. WNR Facility Metrology

3.1. Infrastructure

The goal of the WNR T4GEN2 upgrade e�ort
was not to dictate where the target would be placed,
but to show that we could, in absolute terms, sur-
vey and understand the spallation target's location
and orientation in 6 DOF from anywhere in the
facility with a high degree of precision. To accom-
plish this, the facility metrology infrastructure re-
quired an upgrade. Laser tracker monuments were
installed in experimental areas, on the bulk shield,
in sweeper caves and on the facility 
oor. These
monuments were surveyed with a laser tracker and

Figure 5: As-built spallation target geometry with alignment
frame and metrology crown survey �ducials.

a strong USMN was created within the facility uti-
lizing SpatialAnalyzer (SA) [7] software. The �nal
survey results are shown in Figure 6. This piece
of critical infrastructure allows a metrology instru-
ment to be placed anywhere in the facility and with
a survey of several monuments from the USMN, the
instrument's absolute location can be precisely de-
termined within the facility to tens of microns. This
capability is not only necessary to survey the posi-
tion of the newly installed spallation target, but
also allows for the survey of shutter axes, collima-
tion position and orientation, and instrument align-
ment. This provides a holistic view of the facility
and experiment, enabling optimizations of the 
ight
path that were not previously possible.

Figure 6: Visualization of surveys used to create the USMN
within the WNR facility. Note red lines show laser tracker
shots.

3.2. Facility Surveys and Data Merge

The spallation target was designed to be sur-
veyed from several 
ight paths to provide a tight
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constraint on its absolute position within the fa-
cility USMN. Had a single laser tracker been used
at only one 
ight path to survey three T4GEN2
�ducials (constraining the assembly in 6DOF), the
�ducials would be required to have very small angu-
lar and linear displacements from one another and
would not provide satisfactory spatial data when
combined with the linear and angular resolution of
the laser tracker. Surveying the spallation target
from several 
ight paths with the use of only one
laser tracker system would be labor and time in-
tensive, as multiple data sets from many metrol-
ogy crown insertions must be acquired to build up
statistics for analysis of device operation and un-
certainty. The one laser tracker system would have
to be moved to each 
ight path and tied into the
USMN every time one �ducial from that location
was to be surveyed. Instead, a work
ow was devel-
oped to use three laser tracker systems simultane-
ously, providing real-time 6DOF spatial data from
simultaneous surveys of T4GEN2 metrology crown
�ducials. This work
ow integrated tools available
in SA and was tested in the lab, proving to be very
e�cient.

At the WNR facility, three laser tracker systems
(2x Leica AT402, Faro Vantage E6) were installed
at three di�erent 
ight paths (30R, 15R, and 90L)
in preparation for the survey of T4GEN2 absolute
position. The laser trackers were networked to the
control computer to allow simultaneous data acqui-
sition from the systems. Each laser tracker surveyed
facility monuments and was tied into the USMN
and successfully acquired the metrology crown �du-
cials inside the T4 crypt, deep within the bulk
shield. The laser trackers surveyed their assigned
�ducials on the metrology crown, and a best �t of
the spallation target inspection data was performed
to the survey data as shown Figure 7.

This process provided near real-time feedback
about the target position, allowing the rapid ac-
quisition of data from multiple target crown inser-
tions to assess repeatability of the metrology crown
after installation. This data was quickly analyzed
to verify that the metrology crown was not dam-
aged during installation and was reliably returning
to its nominal survey position. Additionally, data
from these insertions was compared against tests
performed in the lab to assess laser tracker perfor-
mance in �eld conditions. The initial assessment of
the data showed all systems were performing as ex-
pected and survey and analysis of the spatial data
could continue.

Figure 7: Simultaneous laser tracker survey from 
ight paths
(30R, 15R and 90L). Note red lines show laser tracker shots.

Once surveys were complete, the data and best
�t alignment frames for each data set were com-
pared to the average of the group (example shown
in Table 2). It was expected the overall metrology
system would not perform as well as it did in the
lab setting, however analysis of the data showed
the system still performed very well in the �eld.
Combining the contributions to the uncertainty of
our measurement from the metrology network, data
from the insertion surveys and the inherent limita-
tions of the survey instruments, the absolute posi-
tion of the spallation target was provided to � 68
� m at a 95% con�dence level.

Table 2: Results from a typical crown insertion in the T4
crypt

T4GEN2 Actual Frame to Average
(mm) or ( � ) X Y Z
Translation -0.011 -0.014 -0.050

Rotation 0.0448 -0.0261 0.0117
X Axis 1.000000 0.000308 0.000455
Y Axis -0.000308 1.000000 0.000782
Z Axis -0.000455 -0.000782 1.000000

To complement these measurements and provide
the necessary detailed facility data for the devel-
opment of an advanced collimation system, a sur-
vey of the 90L shutter was performed to extract its
working axis. Special survey tooling was designed
and built to accomplish the survey of the 2.3 meter
rectangular shutter bore. The tooling is a pneu-
matically actuated self-centering assembly with two
retrore
ectors built into the body. The assembly
was inserted into the shutter, expanded to center
itself, and both retrore
ectors were surveyed as it
was moved down the shutter bore. This tooling was
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Figure 8: Cut-away of the as-built WNR FP90L 3D model
showing the 
ight path layout within the facility bulk shield.

used to survey the shutter multiple times, building
a strong spatial data set to reliably extract the shut-
ter axis geometry and precisely locate it within the
facility USMN. The full set of shutter data was used
to �t a midplane through the bore, the right and
left data sets were each �t with a line and a line
bisecting the right and left �ts was created. The
bisecting line was used to de�ne the working axis
of the shutter bore at 90L.

Utilizing multiple software suites [7, 9, 10], all of
this survey data is combined with shutter geometry
extracted from inspection e�orts already completed
at 90L [11]. The end result is one complete spatial
data set representing all of the inspection and sur-
vey work completed to date. This spatial data set
enables the optimization and design of advanced
neutron beam transport systems, and the precision
alignment of collimation and instruments at 
ight
paths. This data set also provides reliable spatial
data to feed MCNP optimization studies and holis-
tic MCNP evaluations of 
ight paths and experi-
ments as shown in Figure 8.

4. Neutron Transport and Collimation

4.1. Neutron Transport Design
The WNR spallation target, T4, is a solid cylin-

der of tungsten 30 mm in diameter and 75 mm long.
Neutrons are emitted from the entire volume dur-
ing the spallation process. Due to its size, it can-
not be simply treated as a point source, therefore
each path a neutron may take from any point in
its volume must be considered to maximize 
ux.
Neutron collimation having geometry which is long
with a small opening can be, to �rst order, treated
as if it were a pinhole camera. This means it will
project an \image"of the spallation target on the
sample. It is important to note that the pro�le of

Figure 9: WNR spallation target model, as viewed from
FP90L. The target is built with an 8.25 � inclination, match-
ing the proton beam delivered to the WNR facility.

the spallation target when viewed from FP90L is a
rectangle, as shown in Figure 9. This results in the
delivery of a beam spot extending further in width
than in height at 90L when the spallation target is
within the entire �eld of view (FOV) of traditional
collimation (collimation having circular symmetry
at all cross sections along its length) as shown in
Figure 10.

Figure 10: An example of the beam pro�le at 90L with tra-
ditional collimation. A pinhole e�ect is observed that images
the length and tilt of the spallation target shown in Figure 9.

Flight path 90L was chosen to study radioactive
nuclear reactions for two reasons: the shape of the
neutron 
ux is optimized for lower energies and the
layout of 
ight path 90L allows installation of in-
struments close to the spallation target, as com-
pared to other 
ight paths at WNR, increasing the
total neutron 
ux available.

The samples which are utilized in the hotLENZ
instrument [2] are 6 mm diameter depositions of
radioisotopes electroplated on thin gold foil. This
thin foil is mounted to an aluminum support frame
with an inner diameter of 19.1 mm, as shown in
Figure 11. Neutron 
ux must be maximized and
completely uniform over the sample area. To pre-
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Figure 11: Typical sample for hotLENZ (left), nominal beam
pro�le on sample frame (right).

Figure 12: Example ray trace of double taper collimation.
Neutron source (left, green line), collimation (center, solid),
sample position (right, black line), hashed area indicates
fully illuminated portion of beam.

vent large background reactions, the beam spot
must drop o� rapidly to avoid contact with the
aluminum sample frame. These requirements de-
�ne the boundary conditions for the neutron beam
spot which must be created at the sample position.
To deliver such a beam spot with a circular geome-
try using a neutron source with a rectangular pro-
�le would be overly complicated when compared to
creating a beam spot meeting these requirements
assuming a square pro�le. It was decided that a
square beam, 13 mm on a side, with a central 6 mm
x 6 mm area of max/uniform 
ux (See Figure 11 for
nominal beam pro�le) would be the design goal, ro-
tated to 8.25� to match the inclination of the spal-
lation target. Preliminary geometrical ray tracing
combined with MCNP [12] studies was completed
to optimize the position of the sample while provid-
ing a thick enough collimator to be e�ective. The
sample position was set at a distance of 8.25m from
the spallation target.

To set a benchmark for the design iterations, the
theoretical maximum neutron 
ux was calculated
via MCNP at the 8.25 m sample position using a

Figure 13: Orthographic view of 3D ray trace. Note sample
position (left), spallation target (right).

6 mm x 6 mm tally. This measure of the theoretical
maximum 
ux determined by these MCNP studies
used only the spallation target and solid angle of
the tally, as there were no additional elements in the
benchmark study to hinder neutron transport from
the spallation target. It was decided that a dou-
ble tapered design would be used (See Figure 12)
to provide sharp cuto�s at the edges of the neu-
tron beam penumbra and to help keep scattering
down [13]. Also, the collimation geometry in the
vertical direction would be designed independent
of the geometry in the horizontal direction. When
the pinhole camera approximation is applied, the
design produces a pinhole camera having a verti-
cal image magni�cation which is di�erent than the
horizontal image magni�cation. This allows a \vari-
able aspect ratio"collimator to be realized, enabling
additional control over the pro�le of the delivered
beam. Employing ray tracing to adjust the aspect
ratio of the vertical and horizontal magni�cation al-
lows the creation of a square image of a rectangular
object. This is how the advanced collimation sys-
tem creates a square beam spot from a rectangular
neutron source.

The maximum overall length of the collima-
tion was determined using the available space be-
tween the hotLENZ chamber when positioned at
8.25 m, and the FP90L shutter 
ange at the bulk
shield. This envelope provides room for a collima-
tion system of 1 m to be installed. A 3D model
was then built up with all of the boundary con-
ditions: spallation target geometry, sample posi-
tion, beam pro�le at sample position, the physi-
cal 
ight path/instrument layout and beam spot

ux/background requirements. Ray tracing was
done in 3D from the spallation target to the sam-
ple position to create a nominal envelope of allowed

7



Figure 14: MCNP study of �nal collimation design, visual-
ization covering 8 orders of magnitude in neutron 
ux dis-
tribution. (neutrons/proton/cm 2 )

Figure 15: MCNP study of �nal collimation design, visual-
ization above 1/10 theoretical max. (neutrons/proton/cm 2 )

neutron trajectories as shown in Figure 13.

4.2. MCNP

The internal geometry of the collimation was dic-
tated by ray tracing, and preliminary solid models
were generated and exported to MCNP for neutron
transport studies. Several design iterations were
completed to optimize the geometry and materials
of construction since there must be a compromise
between 
ight path length (solid angle - theoret-
ical max 
ux on sample), collimation length (ef-
fective background suppression of unwanted neu-
tron paths) and distance from collimation to sam-
ple (physical size of hotLENZ instrument). An o�-

Figure 16: MCNP study of traditional collimation, visual-
ization covering 4 orders of magnitude in neutron 
ux dis-
tribution. (neutrons/proton/cm 2 )

Figure 17: MCNP study of traditional collimation, visual-
ization above 1/10 delivered max. (neutrons/proton/cm 2 )

set double taper design emerged from this work,
with the downstream most elements of the collima-
tor fabricated from tungsten, and the balance brass.

The disparity in the height/length ratio of the
spallation target geometry combined with the de-
sign compromises made during collimation geome-
try optimization forced the horizontal collimation
component to have a double taper justi�ed fur-
ther downstream than the vertical component. As
shown Figure 14, MCNP studies indicated this com-
promise would manifest itself as lower performance
of the horizontal penumbra cut-o� at the sample
frame (light green area incident on sample frame
with 105 reduction factor relative to the sample cen-
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ter) compared to the vertical component (light blue
area incident on sample frame with 107 reduction
factor relative to the sample center).

Further analysis of the MCNP studies con�rmed
the successful delivery of a uniform beam pro�le on
sample position which reached the maximum theo-
retical 
ux, as shown in Figure 15. When compar-
ing the results of the MCNP study of this design
to traditional collimation, several important di�er-
ences are apparent. There is a reduction of back-
ground beam impingement on the sample frame by
as much as 103 and an 87% increase in neutron

ux on the sample area as compared to the tradi-
tional design (comparison between Figure 14 and
Figure 16). Beam uniformity in the new design is
dramatically improved as well, uniformly deliver-
ing theoretical maximum 
ux over the entire sam-
ple area compared to the traditional design which
varied by as much as a factor of 4 over the 6 mm x
6 mm sample area tally (comparison between Fig-
ure 15 and Figure 17).

4.3. Finalized Production Design
With the collimation geometry �nalized, it was

separated into 10 individual elements for fabrica-
tion. The eight most upstream elements were fab-
ricated from brass, with the remaining two down-
stream elements fabricated from tungsten, as it
would have been cost prohibitive to fabricate the
entire collimator out of tungsten. Fabricating the
two most downstream elements with tungsten de-
livers the most return on the additional cost by en-
hancing the penumbra cut-o� in the horizontal di-
rection while also reducing overall background. The
10 elements were sent out for fabrication via wire
EDM [14].

The collimation elements must be well aligned
to one another and precisely aligned within the fa-
cility. The collimation placement with respect to
the spallation target, 
ight path and the hotLENZ
instrument is critical to proper neutron transport
and optimal performance of the collimation system.
To align and support the individual collimation el-
ements as one assembly and provide the necessary
platform for the collimation a precision strongback
was designed and fabricated. The top of the strong-
back was machined to a tight 
atness tolerance,
and a side stop was integrated into this geometry,
aligning the individual collimation elements. The
top of the strongback also has the proper inclina-
tion built in to match the orientation of the spalla-
tion target as shown in Figure 18. The bottom of

Figure 18: Model of advanced collimation assembly: colli-
mation elements, strongback structure, alignment �ducials
and precision alignment system.

Figure 19: Model compiled from all spatial data. Note shut-
ter axis (left yellow line), optimal alignment axis to maximize
neutron delivery (right yellow line).

the strongback has an integral Maxwell kinematic
clamp. This kinematic clamp interfaces with the
6DOF precision alignment system built into the col-
limation support structure. This alignment system
was built with heavy duty, high precision microm-
eter cross slides and vertical stages, providing mi-
cron level 6DOF adjustment. This a�ords a means
to accomplish the required precision alignment of
the collimation system.

The �nal component of the new collimation sys-
tem is the shutter insert. This insert is the �rst
clean up element in the collimation system and
resides in the 
ight path shutter within the bulk
shield. Due to the misalignment of the 90L shut-
ter axis with respect to the spallation target cen-

9



Figure 20: Orthographic cut-through view of 
ight path
model showing new 
ight path axis, collimation FOV (green
lines), and stepped o�set shutter insert.

ter, it was necessary to establish a 
ight path axis
separate and independent from the shutter axis as
shown in Figure 19. Again, the 3D model compiled
from all of the previous survey e�orts was leveraged
to �nalize the design of the collimation system. The
newly designed collimation ray trace data was im-
ported into the 3D survey model. From this data,
the optimized 
ight path axis was veri�ed to ensure
an unobstructed FOV for the collimation. The col-
limation 3D ray trace data was then used to de�ne
the envelope for the new shutter insert as demon-
strated in Figure 20. The shutter insert geometry
designed around this FOV envelope resulted in an
asymmetric stepped insert to provide the proper
FOV for the collimation, while cleaning up as much
unwanted background beam as possible. Due to its
geometry, the shutter insert was fabricated in pieces
then carefully �tted together to maintain the tight
tolerances necessary for proper assembly, installa-
tion and performance.

4.4. Installation of Collimation System

After fabrication, assembly and inspec-
tion/�ducialization of the collimation system
components, the installation e�ort was undertaken.

A �nal nominal 3D model was created from all
of the collimation design work detailed so far
combined with the as-built survey data at the
facility and 
ight path. Using this model, an
alignment �le was created to establish the nominal
locations of the collimation system components at
WNR FP90L with respect to the facility USMN.
Nominal alignment frames within the �le were
used in conjunction with a laser tracker system to
locate and anchor the base plate for the support
structure in the experimental area. The support
structure was installed and roughly aligned in the
same manner. Finally, the collimation system was
installed on the structure and precisely aligned
to the nominal 
ight path axis and the absolute
spallation target position/orientation within the
facility. The �nal alignment result is summarized
in Table 3.

This systematic approach was taken to allow
installation to occur in a timely fashion because
the commissioning experiment for this system uti-
lized a radioactive 56Ni sample (6-day half life),
and there was no room for unnecessary delay.
Once the production of the radioactive 56Ni sam-
ple began and the timeline for the chemistry and
sample fabrication was set, the hotLENZ instru-
ment and advanced collimation system had to be
ready to receive the sample and begin measure-
ments immediately. Minimizing the time for in-
stallation provided adequate time to perform back-
ground/reference measurements with stable sam-
ples in hotLENZ prior to receipt of the radioactive
56Ni sample.

Table 3: Collimation alignment, deviation from nominal

Collimator Actual Frame to Nominal
(mm) or ( � ) X Y Z
Translation 0.001 0.003 -0.006

Rotation 0.0019 0.0060 0.0041
X Axis 1.000000 0.000071 -0.000104
Y Axis -0.000071 1.000000 0.000033
Z Axis 0.000104 -0.000033 1.000000

5. Commissioning and Results

The system was commissioned after successful as-
sembly, installation and alignment of the collima-
tion system at WNR FP90L. With little time before
the arrival of the radioactive 56Ni sample for this ex-
periment, it was decided the preliminary evaluation
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Figure 21: Fiducialized image plate holder.

of system performance would be executed with im-
age plates. Image plates are a standard tool which
have historically been utilized across the facility for
neutron beam imaging [15]. The image plates were
installed in �ducialized holders, shown in Figure 21,
which had been recently developed for integration
with facility metrology e�orts. These holders were
placed upstream and downstream of the collimation
and surveyed with a laser tracker system. Where
the �ducialized holders could not be placed, smaller
plates were used which could be referenced to in-
strument geometry easily identi�ed in the exposed
images. The 
ight path shutter was opened and the
plates were exposed to the beam. The plates were
digitized and the image plate data was merged with
the �nal survey data.

Evaluation of the image plate data at the sample
position indicated the neutron beam delivered on
sample position showed consistent agreement with
MCNP predictions. The beam spot size met the
design value, it was uniform in intensity, and was
delivered to the location predicted by laser tracker
surveys and alignments, as shown in Figure 22. The
data from the image plate located at 11.3 m down-
stream is an excellent diagnostic tool. Due to its
long path length, this downstream image plate will
clearly display any misalignments of the collima-
tion system and the rapidly expanding beam pro-
�le at this location will indicate problems with the
collimation geometry by magnifying any deviations
from the nominal beam pro�le and size. When this
downstream most plate was digitized and the nom-
inal collimation ray trace was overlaid on the data,

Figure 22: Actual image plate data at sample position over-
laid on sample frame drawing.

it showed excellent agreement with the predicted
beam spot pro�le at this location, and appeared
where expected within the experimental area as
shown in Figure 23. The data from this down-
stream most image plate served to verify that that
spallation target spatial data acquired from ear-
lier e�orts [3] is accurate, the collimation was well
aligned to the spallation target and the results of
the MCNP studies were reproduced at the 
ight
path.

In addition, to further characterize the improve-
ments, the neutron 
ux was measured using an ion-
ization chamber loaded with a 238U foil. Compar-
isons between the di�erent collimation con�gura-
tions described in this work were found to be in
agreement with MCNP, validating that the total
neutron 
ux scaled as expected when implementing
the new collimation. For experimentally determin-
ing the neutron 
ux over the sample area, the use of
an electroplated stable nickel sample, shown in Fig-
ure 11 with the same dimensions as the radioactive
sample, was studied and the58Ni(n,p) reaction was
used as a reference. Preliminary analysis indicates
that the average neutron 
ux over the 6 mm2 sam-
ple area is a slight reduction relative to the nomi-
nal 
ux predicted by MCNP over the same sample
area. However, further data analysis and charac-
terization of the sample is required. Regardless, it
is clear that a marked improvement was made in
the neutron 
ux over the sample area, while mini-
mizing backgrounds due to scatter o� surrounding
materials.
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Figure 23: Actual image plate data at 11.3 m combined
with survey data. Extrapolated ray tracing in red, predicted
beam pro�le in light blue.

6. Conclusion

An advanced collimation system has been devel-
oped using state of the art 3D modeling, MCNP
studies and exploiting cutting edge metrology in-
struments. These modern survey tools and work-

ows were deployed for use at WNR over the course
of 18 months, and have proven to be very power-
ful for generating highly accurate spatial data sets
and executing precision alignments. This capabil-
ity laid the foundation for which the current neu-
tron transport study and advanced collimation de-
sign was possible. It has been shown that with a
high resolution holistic approach to neutron trans-
port, neutron beam delivery can be tailored to meet
the speci�c and stringent requirements of modern
high precision nuclear physics experimental pro-
grams. For this particular experimental program, a
neutron beam transport system was tailored to de-
liver a uniform beam with a speci�c pro�le reach-
ing the maximum neutron 
ux possible. All this
was accomplished while simultaneously reducing
unwanted neutron background by several orders of
magnitude. This approach to collimation design
and neutron transport optimization can be applied
to many other research programs and 
ight paths,
increasing the quality of neutron beams delivered
to 
ight path instruments. Furthermore, the cur-
rent e�ort allowed for the radioactive 56Ni sample
measurement to be carried out with con�dence that
the optimal neutron 
ux was delivered on sample
with minimal backgrounds. Future proposed im-
provements to the WNR spallation target include
an additional suite of proton beam diagnostics to
streamline the tuning process, minimize the proton
beam losses and ensure optimal neutron produc-
tion.
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