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Abstract

Beam Dynamics Modeling

Lawrence Livermore National Laboratory is developing an
intense, high-brightness fast neutron source to create submillimeter-scale resolution neutron radiographs and images. An intense source (1011 n/s/sr at 0 degrees) of fast
neutrons (10 MeV) will be produced using a pulsed 7 MeV,
300 micro Amp average-current commercial deuteron accelerator producing a small (1.5 mm diameter) beam spot
size to achieve high resolution. The high average power
beam is a challenge for diagnostics, and a precise full
power emittance measurement is critical to benchmark the
system performance. A fluorescence-based beam profiling
diagnostic has been selected, and this paper presents the
design for the system including chamber layout, light yield
calculations, and imaging system details.

Lattice tuning was accomplished using the PBOLAB
GUI for TRACE3D [5]. The initial baseline tune and expected performance was reported in [6]. Minor improvements in the final tune performance based on external constraints such as filling the beam pipe aperture fully (right
to the accepted limit of beam scraping for example) and
more detailed calculations continue to update as magnets
and subsystems are installed and characterized [7]. Figure
1 shows the current final focus tune. A tighter final focus
has been achieved than reported in [6] by fully filling the
center quadrupole of the final focus triplet. A beam spot of
1.4 mm diameter has been achieved and will rely on controlled fine tuning of the magnetic field using LabView
controls, current supplies, and calibrated Gauss probe
measurements.
The last quadrupole triplet magnet will be used for an
emittance measurement via quadrupole scan, with simulated results shown in Fig. 2. This method will require fitting of the Twiss parameters including space charge effects
to a measurement of beam width as a function of quadrupole field strength.

INTRODUCTION
Fast neutrons are highly effective for producing radiographic images with sub-millimeter resolution in objects
with areal densities greater than ∼100 g/cm2 [1]. LLNL is
developing fast neutron imaging as an advanced, compact,
non-destructive evaluation technique for dense objects [2].
A significant effort is underway at LLNL to complete the
construction and installation of the accelerators, beam-line,
target, and imaging systems needed to demonstrate a compact lab-scale intense fast neutron source suitable for advancing fast neutron imaging of dense, thick objects that
are inaccessible to X-rays for non-destructive evaluation
[3,4]. The neutron imaging beam will be produced using a
high pressure deuterium gas target [3,4]. The high average
power of the moderate energy deuteron beam means that
any intercepting diagnostic will be subjected to kW average power levels and requires careful engineering of beam
dumps to survive the power deposition.
Diagnostics are critical to monitor and control the beam
transport, and the quality of the beam, including an accurate measurement of the emittance at full operating parameters, will serve to benchmark the ultimate neutron performance of the machine for imaging applications. The emittance has been measured out of the ion source, and beam
modeling confirms consistency with overall design simulations. The initial beam parameters have been used as inputs into transport modeling. Confirmation of these initial
parameters, or modification after measurements will enable finer tuning of magnet settings and end-to-end simulations of the beam.

Figure 1: TRACE3D output for final focus.
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Figure 2: Quadrupole scan simulation X and Y transverse
width as a function of final quadrupole magnet field
strength.
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BETHE-BLOCH ENERGY LOSS

Fluorescence-based detectors are being used in many
places and the design of this system is based on several
others [8,9,10]. Residual or injected gas is excited by the
beam, and subsequent de-excitation produces light that can
be imaged with sufficient resolution and small enough error to measure the beam width without fully stopping or
intercepting the beam. A small gas bottle with an actuatable
low pressure Festo valve for can be used for local gas puffing. Nitrogen gas is often used and emits well in the 390470 nm range at pressures of ~10-6 Torr. The residual pressure of target gas has been estimated to be on this order,
which has led to the additional baseline consideration of
deuterium or helium gas. The space charge motion of ionized gas prior to re-emission of the photons can lead to
blurring, but with the relaxation time for emission on order
of 100 ns there is little time for movement, and the broadening due to drift is estimated at <30 microns following
[10] and should not dominate the mm scale measurement.
The cross-section for electromagnetic interaction of the
beam is small at several MeV, or equivalently the stopping
power of low pressure gas on an MeV scale deuteron beam
is small. The beam energy loss is estimated using SRIM
[11] calculations based on the Bethe-Bloch formula, and is
shown in Fig. 3. The differential energy loss and stopping
range is plotted as a function of energy at a pressure of 1 atmosphere of helium. This result shows the long stopping
distance at even high pressure for energetic deuterons.
Scaling this result to 10-6 Torr requires simply multiplying
by the different number density for the lower pressure. The
average beam current of 300 micro Amps and dE/dx at
7 MeV allows a total energy loss into a 100 micron slice to
be calculated at 1.47 x 10-11 W.

Figure 3: SRIM [11] output for energy loss in deuterium
gas. Energy loss is scaled to the amount of gas seen by the
beam and imageable by the diagnostic design.

BEAMLINE LAYOUT

The fluorescence diagnostic chamber, or “Beam Imaging Diagnostic” (BID) is shown in Fig. 4. The BID is a
spherical octagon attached to a 6-way vacuum cross that
houses the insertable full power beam dump, described in
[6]. The ports on the octagon opposite optical windows are
terminated by standard length nipples and blanks that have
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been blackened using an oxide coating to reduce the surface reflection from >60% to <10%. Further blackening
has been investigated, if wall reflections continue to be a
concern, such as in [10]. Carbon nanotube-based coatings
or simple acetylene flame carbon coatings have been measured and show reflections below 1-2%.

Figure 4: Assembled BID chamber. Visible from left to
right: in-flange ACCT, bellows with X-Y steerer, 4-way XY BPM, blackened through ports on imaging octagon, 6way cross housing full power beam dump and turbomolecular pumping, temporary beam dump with ceramic standoffs for Faraday cup measurement of current including a
cooling fan.
The reflectivity was measured by spectrophotometer as
a function of wavelength for 4 differently treated samples:
standard stainless steel, black oxide coated, a flatter black
oxide treatment obtained by bead-blasting the sample prior
to coating, and a “superblack” coating that used an acetylene flame for carbon deposition. Results are shown in
Fig. 5. The robustness of these coatings in the environment
of differential pumping, and gas flows is of equal concern,
and more aggressive blackening will only be used if it is
measured to be necessary for more accurate measurements.
Vertical and horizontal planes will be imaged separately, as
well as a view at 45 degrees for confirmation of beam rotation at focus or asymmetry. The final focus tune has very
nearly equal x and y, as seen in Fig. 1, but it is quite possible given the dipole bend in the horizontal plane that
there will be different emittance growth or cross-coupling
between the two directions. The 45 degree view will provide the ability to decouple the two dimensions, or tune
them separately if necessary.
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and other machine constraints such as beam apertures and
target design. Cross-calibration between upstream and
downstream diagnostics will be used to characterize the
beam at final focus so that the upstream settings can be
confirmed in the future when the final neutron production
target replaces the diagnostic.
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Figure 5: Reflection measurement for stainless steel vacuum blank, black oxide coatings, and superblack coating
as a function of wavelength.
Other beamline diagnostics will complement the beam
imaging and allow for fluorescence scaling. The beam current will be measured using alternating-current current
transformers, and beam position will be measured using
button-based 4-way beam position monitors. Pressure will
be measured using a variety of sensors across a very large
span of scales: 103 Torr to 10-9 Torr. This range encompasses the high-pressure gas targets at above atmospheric
pressure to the ultra-high vacuum possible in the accelerating structures.

OPTICAL DESIGN
Only some of the energy lost by the deuteron beam is
eventually converted into fluorescent light (~1%). Uniform
emission and optical layout geometry means small (10-4)
solid angle collection of emitted light. These factors combine with the 1.47 x 10-11 W energy loss from the beam to
yield ~30 photons per 100 micron beam slice in the beam
direction. This small number of photons per slice will yield
acceptable statistics for slice width measurements, but will
require single photon detection methods.
For beam profile measurements, the depth of field must
subtend the beam diameter in order to minimize broadening. A resolution of 0.1 mm is deemed acceptable for imaging the beam diameter of 1-2 mm with sufficient data for
profile fitting and width estimation. A two-stage multichannel plate will be required in order to provide sufficient
gain (106) to image the single photon level signals expected
from fluorescence. An integrated camera is preferred in order to minimize the operational impact from neutron-damaged electronics and maximize commercial support for
component replacement in the future. Camera specification, vendor selection, and procurement is underway.
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CONCLUSION
First deuteron beam will be generated in 2019, and imaging with the fluorescence diagnostic will confirm initial
and transported beam quality. Quadrupole magnet controls,
Gauss probe calibrations and stability will be confirmed
using beam-based measurements. The final focus will be
adjusted and performance expectations will be established
using this data as input into both beam dynamics modeling
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