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ABSTRACT

The Proton Radiography (pRad) facility at the Los Alamos Neutron Science Center utilizes pulses of protons delivered by the 800 MeV linear
accelerator to produce a series of radiographic images to study the dynamic behavior of materials under extreme conditions. Radiographs
taken with an empty field of view, or beam pictures, are used to normalize transmission. However, because the center of the proton beam
shifts between pulses, an in situ method for measuring beam position is required to normalize images for beam movement to perform abso-
lute radiography. The beam profile monitor described here uses an array of scintillating fibers positioned in the beam path to produce light
proportional to beam intensity across the beam cross section. This light is detected using fast photodiodes and a digital oscilloscope, provid-
ing a response time of several nanoseconds—suitable for measuring the 50-ns proton pulses used in pRad. The profile monitor achieves a
measured position precision of 40 ym and an intensity precision of 0.7%, allowing for beam movement corrections to be applied to images,
thereby improving data accuracy and image quality.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0251430

I. INTRODUCTION Previously, image detectors upstream of the object have been

used to correct for beam motion, but they could not be used for mul-
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The Proton Radiography (pRad) facility at the Los Alamos
Neutron Science Center (LANSCE) utilizes an 800 MeV proton
beam from a linear accelerator to generate a series of radiographic
images, enabling the study of dynamic material behavior in high-
explosive-driven experiments.' * These radiographs provide valu-
able insights into the areal density of the object of interest—which
varies from experiment to experiment—and how it evolves through-
out the dynamic process by extracting transmission data from the
images.” '’ To obtain accurate transmission data, the shape of the
incident beam must be accounted for by normalizing each radio-
graph with the beam shape at the time of image acquisition. The
proton beam shape is well described by a 2D Gaussian, but the center
of this Gaussian shifts from pulse to pulse.

tiple pulses due to their slow response.'! Before the deployment of
the beam profile monitor, these beam shifts were corrected using
a two-step process. First, images were normalized by an average
beam image. Then, 2D polynomials were fit to the edges of the ratio
outside the region of interest, and the ratios were divided by the fit-
ted polynomial in a process known as “flattening”. However, this
approach is not always feasible, as some experiments involve objects
that completely fill the field of view, making beam regions outside of
the region of interest inaccessible for measurement.

The beam profile monitor provides a direct method for mea-
suring the beam Gaussian in each image. This capability ensures
accurate beam shape characterization even when the object occu-
pies the entire field of view, eliminating the need for flattening. In
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this paper, we present a beam profile monitor and analysis method
designed to correct pRad transmission data for pulse-to-pulse fluc-
tuations in beam position and intensity in high-explosive-driven
experiments.

Il. BACKGROUND

pRad experiments primarily focus on understanding the
response of various materials to high-explosive-driven shocks. The
configuration of the proton radiography system varies depending
on the required field of view dimensions for a given experiment,
with three available magnification settings: x1, x3, and x7. The
x3 magnification configuration—used for the data presented in this
paper—is shown in Fig. 1. This setup consists of a matching section
followed by two imaging lenses.'”

The illuminating beam is formed using a tantalum sheet to
induce Coulomb multiple scattering,'’ followed by a drift section
and a set of matching quadrupole magnets. These magnets generate
an angle—position correlation in the beam, which cancels first-order
chromatic aberrations in the lens system.'” The imaging system
includes two quadruplet lenses: the first transfers the beam to the
object location, while the second forms images of protons transmit-
ted through the object. For the experimental data presented here, the
second lens functioned as a magnifier.

The accelerator beam is chopped into multiple pulses, each
used to capture an image, covering a total time range of up to
0.625 ms. The imaging system currently consists of seven three-
frame cameras,'* enabling the capture of 21 dynamic frames per
experiment.

Radiographs obtained at pRad provide information on the
transmission and areal density of the object throughout the dynamic
experiment. The calculations used to extract this information will be
discussed in detail later in this paper.

Ill. PROFILE MONITOR DESIGN

The profile monitor was constructed by securing 1 mm dia-
meter Saint-Gobain BCF-12 scintillating fibers into an array of slots
in a 3D-printed frame using epoxy, as shown in Fig. 2. When the
beam passes through the monitor, the fibers produce light, which is
transported 15 m via 1 mm diameter transport fibers to a 0.8 mm?
Thorlabs SM05PD2B photodiode, selected for its 1.0 ns response

ARTICLE pubs.aip.org/aip/rsi

FIG. 2. Photograph of the profile monitor.

time. The transport fibers were introduced to mitigate noise inter-
ference caused by the capacitance discharge unit used to initiate
the high explosives. Before their implementation, when photodiodes
were directly attached to the monitor and signals were transmitted
via coaxial cables, high-voltage noise obscured the signals during
dynamic experiments.

Unconditioned signals from four photodiodes were recorded
using two 1 GHz, 8-bit digital oscilloscopes for each axis (x and
y), resulting in a total of eight oscilloscope traces per beam pulse.
Each experiment utilizes eight fibers out of the 18 available, as
each oscilloscope accommodates four inputs. This setup provides
sufficient spatial resolution while minimizing physical space require-
ments and financial costs associated with additional oscilloscopes.
The 18-fiber design allows for variable configurations with different
spacing options—2.54, 1.27, and 0.60 cm spacing—corresponding

Image

FIG. 1. Schematic of the imaging system.
The beam from the left passes through
a tantalum diffuser, a set of quadrupole
magnets to produce an angle-position
correlation in the beam, a lens to trans-
port the beam to the object, and another
lens to image the object on the scintilla-
tor plate. The lens used here was a times
three magnifier (x3).

T LI
Matching Section X1 Magpnifier

Y
X3 Magnifier
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FIG. 3. Screenshot of the SolidWorks 3D model of the profile monitor with dimen-
sions in centimeters. The grid pattern is the same on the x and y axes. The
highlighted fibers indicate the fibers used in the experimental data presented in
this paper. The fibers have a 1.27 cm spacing as shown in the image, giving a total
area monitored of 3.81 x 3.81 cm.

to the three pRad magnifications. The specific fibers used in the data
presented in this paper are indicated in Fig. 3.

An analysis process was developed for the beam profile moni-
tor and integrated into the existing image analysis framework used
at pRad. To demonstrate the monitor’s effectiveness in normalizing
transmission during a dynamic experiment, we use a representa-
tive pRad experiment, pRad0942. This experiment was designed
to investigate the impact of a surface defect on a metal target,
specifically its effects on shock propagation and surface damage.
Sections I'V-V1I will outline the analysis procedure in detail.

IV. IMAGE ANALYSIS PROCESS

Sections IV A-IV B will outline the standard image analysis
process at pRad and demonstrate how beam position data from the
profile monitor are incorporated into this process, specifically in the
“flattening” step of the standard analysis procedure. The following
are several types of images acquired for the experiment, which will
be referenced throughout this analysis:

o Dark-field images: captured with no beam to account for
ambient room light background.

e Beam images: taken without an object at the object location.

o Static images: acquired with the object installed and aligned
before the dynamic experiment.

e Dynamic images: collected during the experiment itself.

ARTICLE

pubs.aip.org/aip/rsi

A. Dark current correction

The first step in image analysis is correcting for dark current
in the cameras, the dark current correction. Typically, ten dark-
field images are taken and averaged. Each dynamic image is then
corrected by subtracting this averaged dark-field image to remove
background noise.

B. Fixed pattern correction

After background correction, the processed images are used
to generate fixed pattern corrections specific to each camera. After
passing through the diffuser, the beam is transported to the first
image plane, where fixed pattern noise—arising from the scintilla-
tor and camera—must be removed. The beam shape is primarily
determined by multiple Coulomb scattering in the diffuser and is
best modeled as a 2D Gaussian. Fixed pattern images are obtained
by fitting a 2D Gaussian [Eq. (1)] to the processed beam images and
saving the ratio of this fit as the fixed pattern correction (Fig. 4),

Gmx)® | 0)?
N(xy) = S0 s M
270x0y

Here, N(x,y) is the image, 0, 0y and xy, y,, are the beam width and
center in the x and y directions, respectively, and § is the integral
of the image. The widths were fixed at their average values, and the

centers and integral were fitted.
The static and dynamic images are divided by these fixed pat-
tern images to remove the fixed pattern structure as shown in

Fig. 5.

C. Calibration to a common object coordinate system

Next, the dynamic images must be calibrated to a common set
of object coordinates. This calibration is performed using a fidu-
cial plate placed at the object location. The fiducial plate contains
a known pattern of tungsten rods, and the positioning of these rods
in each camera’s image allows for the transformation from object
plane coordinates to each camera’s coordinate system to be deter-
mined. The objective is to map all seven unique camera perspectives
onto a unified object coordinate system, ensuring that all 21 frames
are properly aligned.

D. Beam shape correction

The final step in the image analysis process is to remove the
beam shape from the images and is the step of the analysis that the
profile monitor greatly improves. Prior to the addition of the pro-
file monitor, this step was done using a method called “flattening,”
which was described in the introduction. Profile monitor data is used
to determine the x-centroid (xo), y-centroid (y,), and integral, S, of
the incident beam for each dynamic image. These parameters are
then used to calculate a 2D Gaussian, by which each processed image
is divided to produce the final normalized transmission image,
T(x,y) (Fig. 6).

V. PROFILE MONITOR ANALYSIS
A. Calibration

Before the profile monitor data can be used in the image anal-
ysis process, the channels must be calibrated, as the light output

Rev. Sci. Instrum. 96, 053303 (2025); doi: 10.1063/5.0251430
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from the eight channels used varied by a factor of 20, as shown in
Fig. 8. Some channels exhibited significant light loss due to fiber and
cladding damage, which can be visually observed as light leakage
near the top of the illuminated fiber in Fig. 7.

The sensitivity of each channel was determined by normaliz-
ing the profile monitor channels to a Gaussian, whose width was
measured using spatially calibrated beam images. The profile moni-
tor was then calibrated using eight sets of beam images from each
of the 21 camera images, resulting in a total of 168 images with
corresponding profile monitor data, as shown in Fig. 8.

The measured sensitivities for each channel were used to ana-
lyze the data from each pulse for all the static, dynamic, and beam
images.

B. Obtaining beam position

A plot of the sensitivity corrected profile monitor data for a typ-
ical run is shown in Fig. 9. The vertical gray lines show integration
gates corresponding to each camera picture pulse. The system time
resolution was observed to be about 6 ns (after the transport fiber)
with a noticeable 1 ys tail with an integrated area of 3% of the signal.

ARTICLE pubs.aip.org/aip/rsi

FIG. 4. Process of calculating the fixed
pattern correction. From left to right: the
uncorrected image, 2D Gaussian, and
the fixed pattern correction. The color
scales for each image are shown in the
bar on the right of each image.

FIG. 5. Applying the fixed pattern cor-
rection to a static image. From left to
right: the background-corrected static
image, the fixed pattern correction,
and the fixed pattern-corrected static
image. The significant reduction in image
graininess—caused by the fixed pattern
structure in the scintillator—is clearly vis-
ible in the final corrected image on the
right.

A baseline and a tail correction (dashed lines) were applied to each
of the traces.

The voltage traces were integrated across each of the camera
gates corresponding to timing for each image, obtaining intensity
measurements for each channel for each image. Then, a Gaussian
was fit to the four resulting intensity values in the x and y directions
to obtain the profile monitor centroid and amplitude. The centroids
and amplitudes from the beam profile monitor data were fit to cen-
troids and amplitudes from the beam images using linear regression.
The results allow for the prediction of beam position and amplitude
from profile monitor data alone. All the images can be divided by
the predicted beam images obtained from the profile monitor data,
as shown in Fig. 6, eliminating the need for “flattening”.

C. Profile monitor precision

To assess the precision of the profile monitor, the predicted
beam positions obtained from the profile monitor data were com-
pared to the measured beam positions from beam images. A linear
fit was performed between the beam centroids and amplitudes mea-
sured from the profile monitor data and those from the beam images,

AN A D R

FIG. 6. Flattening procedure using the
profile monitor data for the dynamic
image from camera T. From left to
right: the processed image containing
the beam shape, the beam shape for
this frame from the profile monitor data,
and the image after dividing by the beam
shape. The absence of the shape of the
beam can be clearly observed in the final
product.
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FIG. 7. Some light leakage can be observed near the top of the fiber indicating
damage to the fiber, which was determined to be the source of signal intensity
inconsistencies between channels. Future improvements to the profile monitor aim
to address this problem.

o
)

o
N

o
)

o
w0

® Gain x

® Gainy

Gain (arb)
© o o
N w H
[ ]

o

-

o
°

o

-3 -2 -1 0 1 2 3
Position (cm)

FIG. 8. Profile monitor channel sensitivities measured for pRad0942, which were
used to normalize inconsistencies between the channels.

and the corresponding standard deviations were computed. The
integration gates shown in Fig. 9 were adjusted by up to 40 ns on
a frame-by-frame basis to minimize the standard deviation between
the predicted and measured beam positions. A plot of the predicted
vs measured quantities is shown in Fig. 10, and the standard devi-
ations of the fitted quantities compared to the initial values are
provided in Table I.

The rms beam width is about 1 cm for this experiment, and
the beam jitters about +/— 1 mm. The beam shifts result in slopes

ARTICLE pubs.aip.org/aip/rsi

Profile Monitor Oscilloscope Trace for pRad 0942
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FIG. 9. Sensitivity corrected profile monitor traces from a typical run in this analysis.
The integration gates corresponding to each of the camera gates for each of the 21
pulses are shown by the light gray lines and shaded yellow. The signal (solid line)
and tail correction (dashed line) for each channel are plotted. The blue and red
traces represent the innermost fibers, while the yellow and green traces represent
the two outermost fibers. Changes in the relative voltage obtained from the fibers
from pulse to pulse show beam movement between pictures.

in ratio images, which are ‘;—I; = U%, where x is the position and o is
the beam width. These starting beam shifts lead to 5%-10% varia-
tions in the ratios of images (such as dynamic vs beam) across the
central part of the image. After correcting with profile monitor data,
these are reduced by a factor of 6 in the y direction and 12 in the x
direction. This makes absolute 1% radiography, as in uncertainties
in transmission are less than 1%, possible.

VI. TRANSMISSION AND AREAL DENSITY
COMPUTATION

The aim of the beam profile monitor is to improve the
accuracy of the transmission and areal density data obtained,
which is the primary motivation behind most experiments at
pRad.

The interaction of protons with matter for pRad can be approx-
imately described by three interactions: the nuclear interaction; the
Coulomb interaction with the electrons in matter that results in con-
tinuous energy loss; and the Coulomb interaction with nuclei that
results in Gaussian scattering.'

Contrast in the image is generated by a collimator that cuts
the scattering angles resulting from Coulomb multiple scattering of
the protons as they transit the object. Transmission is given by the
product of nuclear scattering and Coulomb scattering,’

£ACey) 23
N(xy) =No(x,y)e 7+ (1—6—””’”’”‘”), (2)
zegcutter(x’y)

141 [pa(x,y)

escatter =

PB Xo
Here, No(x, y) is the incident beam and a function of coordi-
nates x and y, N(x,) is the transmitted beam, pa(x, y) is the areal

density the beam encounters, f is the beam velocity relative to the
speed of light, p is the beam momentum in units of MeV/c, Xp is
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FIG. 10. Plots of predicted beam centroids and integrals vs measured beam centroids and integrals, which were used to obtain the standard deviations shown in Table .

TABLE I. Standard deviations of the fits to eight beam images giving 128 images. 14 14
SD starting SD fitted
12 1.2
x 248 ym 41 ym
y 516 um 40 ym
Sum 29.7% 0.69% 10 1
- . . . —~ 8 08 &
the radiation length of the material, and A is the nuclear scattering T “
length. Inverting this expression to find pa(x, y) requires knowledge N =
of No(x,5).! - 06 &
The areal density can be described as the volumetric density .
integrated with respect to the z direction, as shown in the following
equation: 4 0.4
pa(xy) = [ pv(xy2)dz ®)
2 0.2
The areal densities can be computed from the transmission
images by inverting,
0 0
T(xy) = M (4) 0.8 -0.4 0 04 08
No(x,y) Position (cm)
where A and X are known. This expression assumes a single material FIG. 11. Fit (red dashed line) to a lineout through the static transmission (red solid
and no background. However, the images can be corrected for back- line). The model of the object is shown as the blue line.

ground if its level is known, which can be measured using a shadow
bar at the upstream image location. Shadow bar measurements were
used in previous pRad analysis.'' While this has not been done here,
it should be explored for future experiments.

: . TABLE Il. Parameters used for the resultin 10.
The nuclear attenuation length was taken from previous step

wedge fits to a range of materials. There is ambiguity between the Radius 0.3900 cm
collimator angle and the radiation length for the material, so we have Fixed RL 0.0500
obtained X by fitting the transmission from the static image. The fit Xo 7.4589 g/cm’
shown in Fig. 11 results in Xo given in Table II. The values for fixed Ao 74.524 8 g/cm®
radiation lengths were estimated using shot drawings. p 15.6 g/cm®
The parameters have been used to invert the transmission mea- 0 fixea 0.002 6 rad
surements for each image of the dynamic sequence using Eqs. (2) Collimator 0.0100

and (4). The final results of the analysis are shown in Fig. 12.
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VIl. CONCLUSIONS

The beam profile monitor provides in situ quantitative infor-
mation about the beam intensity, position, and width on a pulse-by-
pulse basis. This information can be used to normalize radiographs
for changes in the beam between pictures. The precision of the posi-
tion information is 40 ym and of the intensity information is 0.7%.
Implementing the analysis technique presented here allows absolute
measurements of transmission with less than 1% error across the
pRad field of view with no need for less reliable methods of flat-
tening, a new capability for pRad at LANSCE. Future work on the
beam profile monitor aims to reduce the inconsistencies in signal
between channels utilizing a new design that will eliminate the need
for epoxy, allowing for swapping out damaged fibers as needed.
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