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Abstract 

Reactor based high resolution neutron radiography facili
ties are able to deliver a well-collimated (L/D > 100) ther
mal flux of 10 6 n/cm 2-sec to an image plane. This is well 
in excess of that achievable with the present accelerator 
based systems such as sealed tube D-T sources, Van der 
Grefailfs^iifiali cyclotrons, or low duty factor linacs. How
ever, continuous wave linacs can accelerate tens of mil-
liamp^iis of protons to 2.5 to 4 MeV. The MCNP code 
has been used to analyze target/moderator configurations 
that could be used with Argonne's Continuous Wave Linac 
(ACWL). These analyses have shown that ACWL could be 
modified to generate a neutron beam that has a high in
tensity and is of high quality. 

I. INTRODUCTION 
Neutron Radiography (NR) has been the domain of ther

mal reactors until the present day. The reactor was the eas
iest and most economical method for the generation of a 
high quality, high intensity thermal neutron source. Today, 
reactors are becoming expensive to license and operate and 
are not portable. At the same time, charged particle accel
erator technology is advancing, intensities are increasing, 
and hardware is decreasing in size. This paper investigates 
the use of a charged particle accelerator, the Argonne Con
tinuous Wave Linac (ACWL) at Argonne National Labo
ratory in Illinois, to generate a high quality, high intensity 
thermal flux suitable for NR. 

II. ACCELERATOR FACILITY 
The original purpose of ACWL was as an accelerator 

development test stand for the Strategic Defense Initia
tive (SDI) as describe in Reference [1]. This mission has 
ended, so ACWL is being modified to investigate the use 
of accelerators in NR and Boron Neutron Capture Therapy 
with the current work concentrating on NR. ACWL was 
designed and built to accelerate negative deuteron ions in 
a radio frequency quadrupole accelerator in a Drift Tube 
Linac (DTF). The facility is being modified for water cool
ing versus the more expensive cryogenic cooling needed for 
the space environment of the SDI mission. If it is deemed 
that proton acceleration is needed, the particle generation 
equipment exists and can be fitted to ACWL readily. This 
analysis investigates what particle(s), particle energies, and 
particle currents are needed to perform NR with the in
tended goals. 

III. NEUTRONIC ANALYSES 
Various models of the new ACWL target facility were an

alyzed for neutronic properties with the MCNP code and 
ENDF/B-V continuous energy cross sections. The MCNP 
code system simulates many particle trajectories using a 
stochastic method. With these tools, analyses were per
formed to determine if ACWL with a suitable target could 
generate the beam needed to obtain the goals. The first 
step was to generate a source definition that modeled the 
neutron generation reactions. The target area and thick
ness were chosen to enable the target to dissipate the heat 
generated by the reaction. A moderator substance and 
configuration were designed to generate as many thermal 
neutrons as possible without contaminating the beam with 
gammas and higher energy neutrons. The beam tube was 
designed to transport those neutrons to the image plane 
and maintain its high resolution capability. 

A. Source Model for the Lf-proton Reaction 
Since MCNP cannot analyze charged particles other than 

electrons, the model for the source was performed sepa
rately. The reaction of interest was the Li 7(p,n)Be 7 reac
tion. Experimentally based cross section data was given 
in Reference [2]. The resultant energy and direction of 
the outgoing neutron was calculated from the two-body 
equations as formulated in Reference [3]. Figure 1 shows 
the neutron source strength as a function of proton en
ergy and laboratory angle. Continuous slowing down the
ory was used to model the protons while traveling through 
the target. Reference [4] was used for the stopping power 
of hydrogen ions in the target materials. 

The neutron source strength was collapsed into a source 
definition recognized by MCNP. To do this, the angular 
variable was broken into evenly distributed angle bins from 
0 to 180 degrees with the probability equal to the normal
ized source strength. To link the angular distribution to 
the neutron energy distribution for that angle, the depen
dant source mechanism in MCNP was used. Each angle bin 
was made dependant to an energy range and probability as 
shown in Figure 2. The energy range is the maximum and 
minimum energies shown in Figure 2 for each angle, while 
the probability distribution was set equal to the normal
ized source strength for that angle. 

B. Target Design 
Exact details of the target design are not necessary for 

this analysis. The materials that could scatter or absorb 
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Figure. 1. The Neutron Source Strength as a Function of 
Laboratory System Angle and Proton Energy in Lithium 
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Figure. 2. The Neutron Energy Distribution as a Function 
of Laboratory System Angle and Proton Energy in Lithium 

neutrons and their position are the important details mod
eled. The proton target is modeled as a right circular cylin
der which projects enough circular surface area to the pro
ton beam so it absorbs approximately 1 £ ^ of energy. The 
proton target is attached to a copper plate and sealed in 
a stainless steel 316 evacuated can that extends to the left 
hand edge of the model. The can is slightly larger than 
the proton beam to allow clear passage of the beam to the 
target. 

C. Moderator and Reflector Design 
The neutron energies from the source are between 

2.5 MeV and 0.002 MeV. The goal is to have a large num
ber of neutrons enter the beam tube with a mean energy of 
0.0253 eV (thermal neutrons). The moderator must slow 
the neutrons down to these energies without absorbing the 
neutrons, spreading them through geometry effects, or hav
ing them escape. A low atomic weight, high density mod
erator is used to achieve the largest energy loss per colli
sion possible to keep the geometry losses to a minimum. 
A reflector material is placed outside of the moderator to 
economize on neutrons. 

The neutron source is very forward peaked. Tally sur
faces were placed in the model to cover possible positions 
for apertures. To accelerate the MCNP calculation, gamma 
rays were not simulated in the models to determine place
ment of the aperture; however, in the final model, gamma 
rays were included. 

D. Beam Tube Design 
The objective is to obtain a collimated beam of neutrons 

having a thermal flux of 10 6 neutrons per cm2-sec striking 
the image plane with an image quality category of I as 
described in Reference [5]. A first order approximation for 
the flux entering the beam tube is 

0o = 16^/ ( § ) ' (1) 

where, 4>i 1S the flux at the image plane (10 6), L is the 
length of the beam tube, and D is the diameter of the 
aperture. 

In order to achieve the goal of a high quality beam, an 
L/D of 100 is needed. From equation (1), this gives an 
attenuation of 1.6 x 10 5, or to achieve a flux of 10 6, the flux 
at the aperture must be 1.6 x l O 1 1 neutrons per cm2-sec. 
To absorb any stray or reflecting neutrons from or through 
the beam tube, a stainless steel can is lined with a thin 
layer of cadmium or other large cross section material (see 
Reference [6]). This lining keeps neutrons from entering 
or exiting the beam tube except at the aperture and the 
image and preserves the collimation of the beam. 

IV. RESULTS 
The results reported here are for a 2.5 MeV and a 

4.0 MeV proton beam impinging on a lithium target with 
light and heavy water as the moderator and graphite as the 
reflector. The lithium target is 5 cm in radius and 0.1 cm 
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Figure. 3. Geometric Representation of the Physical Model 

Table I 
Thermal to Total Neutron Flux and Optimal Position 

Proton 
Energy 
MeV 

Slowing 
Down 
Material 

<t>th 

<t> Source 
Distance 

cm 

Direction 
from Beam 

degrees 
2.5 H 2 0 0.319718 11 90 
4.0 H 2 0 0.308378 11 90 
2.5 D 2 0 0.012559 13 90 
4.0 D 2 0 0.012235 13 90 

thick and is placed at the center of a water box 50 cm on a 
side. A 5 cm thick graphite reflector was employed outside 
of the box . To keep the perturbation from the aperture 
small, the diameter was set to 4 cm. Figure 3 gives a rep
resentation of the geometry. The results from these models 
create a working set of parameters for determination of the 
feasibility of this effort. From this, a complete study of ma
terials and configurations can be completed to design the 
actual target to be employed at ACWL. 

Table I shows the ratio of the thermal to the total neu
tron flux at the optimum position without the beam tube 
modeled. Table II shows the thermal neutrons per source 
neutron at the beam tube entrance (location given in Ta
ble I) and the proton current needed to achieve the objec
tive of 10 6 n/cm2-sec of the assumed image plane. 

Table II 
Thermal Neutrons per Source Neutron and Proton 

Current for High Intensity NR 

Proton 
Energy 
MeV 

Slowing 
Down 
Material 

Thermal 
Neutrons 

n / Source n 

Proton 
Current 

mA 
2.5 H 2 0 5.45353E-6 59.1 
4.0 H 2 0 4.66151E-6 69.1 
2.5 D 2 0 — — 
4.0 D 2 0 — — 

V. CONCLUSION 
With the MCNP code, it is possible to model the entire 

system. The problem that is encountered is the creation of 
a biasing scheme to cut the number of simulated particles 
needed to converge the model. The simplifications made in 
this model allowed short (6 to 20 CPU hours on a Sun Sparc 
20) turn-around times but in no way encompassed all pa
rameters needed to design a target and beam tube for high 
intensity and high quality NR. However, this study did de
termine that NR is feasible with light water at ACWL and 
showed approximate results that could be obtained. The 
next step is to investigate more moderating materials such 
as polyethylene and optimize the placement of the beam 
aperture. Once this work is finished, the design and con
struction of a target and beam tube for ACWL to assist in 
the research needed for portable NR devices can continue. 
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