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Dark field proton radiography combines the principles of Schlieren optical imaging,! or dark field X-radiography,?
with lens-based proton radiography.® By exploiting the conditions at a Fourier plane upstream of the object,
where the angle of a proton's trajectory is mapped to position, protons beyond a certain angular cut angle are
removed from the beam. Downstream of the object, at a second Fourier plane, an inverse collimator,* of the
same angular cut angle, is placed. These two Fourier planes effectively map to each other, and thus, without an
object at the object plane, no protons are transmitted through the system. By placing an object at the object
location, additional scatter is introduced to the proton distribution, allowing for transmission through the
downstream inverse collimator. Imaging in this way allows for the removal of many of the protons that carry little
information from the system, before they interact with the patient, allowing for images to be acquired with less
dose. Such a system could allow for the instantaneous measure of patient stopping power with reduced dose.

AIM

The aim of this study is to provide an instantaneous measure of proton stopping power, with the highest amount
of information per dose deposition possible. Dark field proton radiography has the ability to provide high quality
proton stopping power information, with a reduction to dose delivered. By removing the highly scattered protons
before the beam reaches the patient, the amount of protons used to acquire an image is decreased, while the
removal of the least scattered protons downstream of the patient, protons that carry proportionately very little
information are removed from the system, reducing noise.
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METHOD

A dark field condition was created by applying a pre- and
post-collimation scheme to the high energy proton
radiography facility at Los Alamos Neutron Science Center.
With a cut angle that removes protons of less than 2 mrad of
scatter upstream, and more than 2 mrad of scatter
downstream, the default is to have zero transmission until an
object is presented. Proton radiographs are acquired of a 20-
cm thick acrylic phantom to compare between a conventional
proton radiographic setup (at 5 mrad acceptance) and the
dark field proton radiographic setup.

I MATCHING SECTION

DARK FIELD PROTON RADIOGRAPHY

A schematic of the dark field radiography setup is illustrated in
Fig. 1. All protons that are permitted beyond the upstream
Fourier plane, are then stopped by the downstream Fourier
plane, as shown in Fig. 2. If an object is introduced that adds
additional scatter to the proton distribution, transmission is

. . Figure 1: Schematic comparing traditional lens-based
permitted beyond the downstream Fourier plane.

proton radiography to the dark field condition. Objects
introduced at the object plane permit transmittance beyond
the post collimation stage.

In Fig. 2, flat field images are shown, in
which an image is acquired with no object
present. For the standard radiography
setup, the beam distribution is Gaussian
in nature, where transmission decreases
with the introduction of an object. In the
dark field version of the no-object image,
transmission defaults to zero, where
transmission now goes up in the case of
material present at the object location.

Dark field proton radiographs
demonstrate an SNR improvement of a
factor of 2 over conventional proton
radiography. Sensitivity to changes in
water equivalent path length in 20-cm of
acrylic was improved from 1% with
standard proton radiography, to 0.25%
with dark field proton radiography, as
shown in Fig. 3.

CONCLUSIONS

Initial results indicate that the system provides a
sensitivity improvement to subtle areal density
variations within thick objects. This is likely due to two
effects: the removal of highly scattered protons before
the object location, and the removal of unscattered
protons after the object location. The protons remaining
carry the highest amount of radiographic information
and a lower amount of noise. This could have
implications for beam's-eye-view image guidance for
proton therapy, or for treatment planning, where
increasingly accurate measures of water equivalent
path length translate directly into increased estimates of
dose deposition.

Future work will compare this system against a 230-
MeV, single-proton counting, two-detector proton
radiography system, in simulation.
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Figure 3: These radiographs are acquired through a block of acrylic,
20-cm thick. 1-cm diameter holes are drilled to the depths as labeled,
with percent density change labeled (in parentheses). Standard
radiography discerns to roughly the (expected) 1% sensitivity level.
Dark field proton radiography detected down to the 0.25% sensitivity.

Figure 2: A standard proton radiography flat field, at top, demonstrates a
Gaussian profile that represents 100% transmission. By comparison, in the
dark field configuration, there is no transmission through the system from
protons that are not scattered by an object.
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