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Figure 19. Overhead of 2 mm FWHM run.

4.2. Future Work
4.2.1 Model Improvements and Additions

In order to improve upon the existing model of CAMD in FLUKA, the addition of the
quadrupoles and sextupoles would have a large impact. With more realistic beam characteristics,
it is expected that the FLUKA estimates would better reflect the measured values across all

distances. Adding in the beamlines leaving the storage ring and their associated hutches would
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allow for simulating synchrotron light effects and possibly aid in detecting shielding defects. The
current model doesn’t include either the multi-pole wiggler or insertion device, and their addition
would have an impact on any simulations of normal operating conditions at 1.3 GeV.
4.2.2 Other Uses for Model

In its current state, the CAMD model can be used to simulate much more than effective
dose equivalent from neutron skyshine. Radiation effects that occur during injection and stored
beam operations can be modeled. These simulations can provide information on energy spectra,
particle fluence, activation of materials, and much more. Additionally, each of these output types
can by limited to certain particle types and simulated with variable primary beam characteristics.

Making the suggested additions will only further increase the utility of the model.
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Chapter 5. Summary and Conclusions
5.1. Purpose of the Project
5.1.1 Reevaluate Neutron Skyshine at CAMD

The driving purpose for this project was to evaluate neutron skyshine contributions to
annual effective dose equivalent at CAMD to the general public. The need to do so was based on
the urban buildup near CAMD over the previous decade. The addition of the WENDI-II to
CAMD’s detector inventory provided an excellent opportunity to do so. Previous calculations of
neutron skyshine using the NCRP 144 method estimated that CAMD was under the annual limit
for effective dose equivalent to the general public of 1 mSv/year. However, the estimated value
was 0.28 mSv/year. This was well above the estimated values from measurements, and over one
quarter of the annual limit. Given the serious nature of public safety and the goal to maintain
radiation exposure as low as reasonably achievable, another approach to evaluate neutron
skyshine at CAMD was decided upon.
5.1.2 Determining the Source of Neutron Skyshine

The first step in determining the neutron skyshine contribution to perimeter annual
effective dose equivalent was to identify the periods when CAMD generates neutrons at
appreciable levels. WENDI-II measurements were taken during injection, stored beam
operations, and beam dump. It was immediately evident that the several minutes spent injecting
were generating many more neutrons than stored beam operations. There was also a noticeable
spike in effective dose equivalent rates during beam dumping, but this was an acute event with
an overall negligible impact. With injection clearly being the major producer of skyshine
neutrons, the next step was to develop a method to estimate the annual effective dose equivalent

anywhere at CAMD.
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5.2. Approaching the Problem
5.2.1 Choosing FLUKA

Initial literature reviews yielded many references for estimating skyshine effective dose
equivalent contributions. Unfortunately, many of these were based on stored beam operations
and conservative estimations. Looking into various Monte-Carlo options, FLUKA was deemed
the best fit for CAMD’s needs.
5.2.2 Review of CAMD in FLUKA

The model of CAMD in FLUKA includes all the basic structure related to the beam pipe
from injection all the way through the storage ring. All dipoles are modeled with their geometry
and their magnetic fields. The entire shield wall, neglecting beamline penetrations, is modeled
accurately. The experimental hall is modeled to scale and appropriate wall thickness but lacks
rounded corners. The clean rooms and perimeter fence are modeled as a point of reference, and
not perfectly to scale. The most significant objects that are not modeled are the quadrupoles and
sextupoles, resulting in a constant gaussian expansion of the primary beam. This scatter bias is
the largest source of error in the model currently.
5.3. Outcome of the Project
5.3.1 FLUKA Estimates and WENDI-II Measurements

Due to the current deficiencies of the model, the FLUKA estimates for effective dose
equivalent due to neutrons had to be normalized against the measured values rather than the
suggested USRBIN conversion from Sv/primary. The average ratio between the normalized
FLUKA estimates and the measurements is 1.17, which would initially indicate an excellent
model. However, there is a trend of overestimating up to a factor of 4 when within the shield

wall area. This trend stabilizes to within a factor of 2 for most of the remaining locations.
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