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INTRODUCTION

The development of a high-energy (10Mev)
neutron imaging system at Lawrence Livermore
National Laboratory (LLNL) depends on a
precision engineered pneumatic driven valve
system for creating the neutrons that are used
for imaging dense objects.

This valve system creates pulses of deuterium
gas that interact with a high energy pulsed beam
and thereby create neutrons that are used for
imaging. This subsystem is part of a larger
system which includes a linear accelerator that
creates a deuteron beam, a scintillator detector
and high resolution CCD cameras.

SYSTEM DESIGN

The mechanical design consists of a hollow
titanium double acting piston as shown in Figure
1. This piston is attached to a titanium tube that
serves as a bearing inner surface that locates
the piston radially as it moves up and down as
shown in the complete assembly in Figure 2.
The piston is housed inside a titanium cylinder
with titanium manifolds at both ends.
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FIGURE 1. Hollow piston cross section.

Timed air pressure at 7 atmospheres enters the
manifolds to drive the piston up and down. This
in turn drives a poppet valve located in a gas cell
as shown in Figure 3. As the valve opens and
closes it charges a gas cell with up to 3
atmospheres of deuterium. At the peak gas cell
pressure a pulsed deuteron beam fires through
the beam hole to cause an interaction with the
deuterium and thereby create neutrons. These
neutrons continue on down the beam path for
use in imaging.
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FIGURE 2. Complete piston and cylinder
assembly cross section.

The valve opening and closing was designed to
operate at a maximum speed of 1000 Hz in
order to generate a deuterium pressure pulse to
match the repetition rate of the beam pulses. In
order to achieve this, the piston assembly was
design to be supported laterally on air bearings
at both ends where the piston tube passes
through the manifolds. The air bearings will be
made of vespel and will have stepped
circumferential pocket designed to operate at 6
atmospheres. With a 0.5 micron step the radial
load capacity was calculated to be
approximately 5N (1.12Ibf) [1][2]. Thereby
maintaining a 1.3 micron radial clearance
between the piston and the cylinder wall.



The timed air pressure that drives the piston up
and down is controlled by Festo solenoids that
are driven by a LabView program through a
National Instruments digital-to-analog converter
as shown in Figure 4.
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FIGURE 4. Supply and control schematic.

SYSTEM MODELING

Modeling of the pneumatic system was done by
using a lumped parameter method (bond
graphs) to characterize the mass flow and
enthalpy into and out of each chamber as an
isentropic nozzle [3]. The state equations
shown below define the flow of gas into the
piston’s chamber as show in Figure 5.
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Where: .
m, =massflow into chamber1

E, =enthalpy flow into chamber 1

A, =flow area
P, =upstream pressure
P, =downstreampressure

C, =specific heatconstant pressure

C, =specificheat constant volume
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The flow area was made time dependent and
this was used to simulate the opening and
closing of the solenoid intake and exhaust
valves. The enthalpy in equation (2) was then
used to solve for the pressure in chamber 1,
given the volume of chamber 1,
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FIGURE 5. Modeling of piston, valve motion
and the gas cell.

The differential equations (1) and (2) were
numerically integrated in a Matlab simulation for
both air chambers 1 and 2. The chamber
pressure for both sides of the piston, as a
function of time, was solved using equation (3)
applied to each chamber. Thus yielding
pressures P, and P, and the net force on the
piston as shown below:

F, :(P1 —Pz)~piston area (4)
This was then used to solve for the motion of the
piston:

ppiston = Fp - lmpistonk (5)

_ ppiston (6)
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where: p = piston momentum
m = piston mass
q = piston motion

The poppet valve is directly connected to the
piston so that the area of the open valve can be
calculated as follows:
valve open area = q - -valve diameter  (7)

The same approach was used to determine the
pressure in the gas cell by taking the valve open
area in equation (7) and using it in equations (1)
and (2) as the variable intake area for
determining the mass and enthalpy flow of
deuterium. This was balanced by also using the
same equations with different areas to
determine the net outflow of deuterium through
the beam port holes. The pressure was
determined by solving:

P — R(Evalve - Ebeamport) (8)
ascell
£ vagascell
Where:
P = Pressure in gass cell
E = Enthalpy lowing through the valve
E = Enthalpy lowing through beam ports

The simulation of the complete system yielded
valve motion and deuterium gas cell pressure as
a function of time as shown in Figure 6.
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FIGURE 6. Valve motion & deuterium pressure
pulse vs. time.

The valve in Figure 6 opens to a maximum
displacement of 10mm every 7.5 milliseconds.
This leads to a maximum deuterium pressure of
3 atmospheres that lags behind the valve motion
by about a millisecond. The beam would be
timed to fire at maximum pressure in the gas
cell, thus yielding the highest production of
neutrons.

In order to achieve the desired deuterium
pressure pulse, the valve had to open and close
within a millisecond. This would be achieved by
timing the opening and closing of the solenoid
valves as shown in Figure 7. Through
simulation trial and error it was found that the
simulation command pulses had to overlap in
order to deal with the inertia in the system.
Therefore the exhaust solenoid valve command
on the top piston would have to open 25
milliseconds before the intake solenoid closed.
Similarly the intake on the bottom chamber
would open 0.5 milliseconds after the opening of
the top solenoid. Also it was found in the
simulation that the piston could be slowed
before reaching its top and bottom position by
adjusting the timing of the solenoids on the side
where the piston was in compression. Thereby
reducing the impact on the piston tube as it
changed direction.
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FIGURE 7. Command and solenoid response
schematic.

The effect of blow by on cylinder pressure was
simulated using equations (1) and (2). The area
in the equations was the gap between the piston
and the cylinder. The 1.3 micron radial gap was
predicted to reduce the peak cylinder pressures
by 10%.

FABRICATION

The piston and tube were machined out of
titanium (Ti 6AI-4V) in sections. Titanium was
chosen because of its high strength, lightness,
fatigue properties and its favorable
microstructure after laser welding. Figure 8
shows a cross section of the piston and its laser
welded components. The top of each side of the
piston was angled upward to reduce peak
stresses in the structure due to the 7



atmosphere pressure on the piston. Figures 9
and 10 show how the piston was assembled in a
fixture and how the precision machining allowed
the assembly to be snapped together and apart
at the center line before laser welding.
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FIGURE 8. Cross section of piston.
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FIGURE 9. Portions of the piston assemble
assembled on a fixture.

The completed piston as shown in Figure 11 has
a mass of 2.5 grams. We made enough parts to
fabricate 3 pistons and only one survived
through all the manufacturing steps.

All the simulations were done assuming a total
moving mass of 5.5 grams. This leaves 3 grams
for the yet to be fabricated poppet valve. We
think this possible given the success we have
had in designing and fabricating the piston.
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FIGURE 10. Two halves of a piston prior to final
assembly.

FIGURE 11. Laser welded piston assembly.

CONCLUSION

A pneumatic driven valve system for neutron
imaging has been designed and partially
fabricated. Tests for the completed system are
planned for 2012.
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