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Micro Valve Array for Gas Targets

Requirements Definition, Conceptual Design, and Proposal Writing

Daryl Oshatz and Steve Virostek

Overview

We ask the Initiatives Committee for funding to perform research and develop a conceptual design of a linear array of pneumatic micro valves and nozzles using MEMS and high precision machining technology.  One or more proposals will be written to obtain funding for detailed design, fabrication, and testing of these devices.  In the short term the project may enable breakthroughs for AFRD’s Laser Wakefield acceleration R&D program.  The technology may also have applications in Inertial Confinement Fusion (ICF) research and the automotive industry.  The probable DOE funding areas are High Energy Physics (HEP) and Fusion Energy Sciences.

Background

Gas Jets for Laser Wake Field Acceleration

Wim Leemans, of the Center for Beam Physics (Group Leader, Experimental Beam Physics), is currently conducting research utilizing pulsed lasers, rather than RF power, to accelerate electron beams.  Laser Wakefield acceleration (LWFA) in plasmas shows promise for the development of ultra-compact accelerators capable of producing high quality relativistic electron beams. Acceleration of electrons to energies as high as 100 MeV over mm-long distances has been demonstrated in several experiments. These energy gains correspond to accelerating electric fields in plasmas greater than 30 GV/m.

The accelerating technique that Wim’s group is developing utilizes a plasma channel to guide the electrons accelerated in the wake field of the laser.  The plasma channel is created by striking a gas plume with pulsed lasers that ionize and heat the gas to create a plasma with a cylindrical density distribution.  In current experiments, the gas plume is created by puffing gas (hydrogen, helium, or nitrogen) through a nozzle in 100-msec bursts.  The conical plume is 1 to 2 mm in diameter.  The acceleration of the electrons is limited by the non-uniform density distribution in the gas and the short length of the plume.  The current nozzle is conventionally machined with a bore diameter of 750 microns.  The gas bursts are created with a poppet-type solenoid valve (1000 psi backing pressure).  Wim hopes to test new nozzle designs as well as a piezoelectric valve with a faster opening and closing time (30-40 microseconds).  Wim and Cameron Geddes, a graduate student in his group, are currently operating a gas jet test stand to empirically characterize the gas plumes created by simple sonic nozzles.  The setup utilizes probe lasers to measure the gas density distribution inside the plume.  They hope to correlate experimental results with numerical simulations being performed in collaboration with the Applied Numerical Algorithms Group at NERSC (LDRD funded work).

Wim views the gas jet technology as critical to the continued development of LWFA at LBNL.  He is particularly interested in the possibility of developing technologies to shape the density distribution of the gas plume and make it longer, allowing higher energies to be achieved.  In a plasma channel with a uniform linear density distribution, the group velocity of the laser limits the kinetic energy of the electrons.  If the channel becomes long and the gas density remains constant over the length of the plume, the accelerated electrons will eventually outpace the laser.  Ideally, the plume would have a length of several centimeters and a width of 100 to 200 microns and the gas density would be shaped along the length of the plume.  By independently controlling multiple valves along the length of the plume, the density profile could be parametrically adjusted to achieve optimal acceleration.

Micron scale pneumatic valves and nozzles currently under development in the MEMS field may have application in Wim’s gas jet project.  In theory MEMS microfluidic devices are of an appropriate physical scale and could have the advantages of fast actuation (by virtue of the low inertia of moving parts).  MEMS fabrication technology could help achieve the goal of independent control of several valves closely space in a linear array.  MEMS devices typically take advantage of semiconductor processes to incorporate solder terminals and some electronics directly into mechanical structures.

Fusion Energy Research


Researchers in the ICF field are dedicating an increasing amount of effort to the design of gas jet nozzles and valves.  Compared to exploding solid targets, where the plasma density distribution initiated by hydrodynamic motion is parabolic, gas jet technology presents the possibility of plasma targets with quasistatic, flat density distributions.  By choosing different initial gas pressures, the plasma target density can be adjusted.  Gas targets offer promising possibilities to the ICF community for decreasing laser power requirements and creating designs scalable to repetition rates that are practical for commercial electricity production.  Arrayable micro-valves could enable shaping of the plasma density profile to optimize conditions for fusion ignition.

MEMS Micro-Valves

Micro valves and nozzles are already the subject of R&D in the national labs, academia, and industry.  Possible uses for arrayable MEMS valves range from virtual reality gloves (utilizing gas puffers to simulate the sensation of touch) and fuel injectors for diesel engines.  The diverse set of applications for micro-valves appear to have motivated some private companies to develop standard designs.  One such company, the TiNi Alloy Company of San Leandro, CA (http://www.sma-mems.com/pneuvalve.htm) has designed an arrayable pneumatic micro-valve that utilizes the thin film shape memory alloy TiNi as an actuator.  The company’s commercially available valve ($190) doesn’t fulfill all of the requirements of Wim Leemans’ vision for a next-generation gas target.  However, TiNi Alloy Co. is a small company that performs custom designs for others, such as NASA, and is actively seeking additional applications for its MEMS valve technology.
Our limited research indicates that MEMS valves that have been developed have not yet been packaged in commercial devices.  Because quantities of the valves would be small for R&D purposes, packaging design, to integrate the micro-valves with nozzles, and the fabrication of the overall system would be tasks well suited to the engineering and fabrication capabilities of LBNL.

Funding Opportunities

Preliminary research has pointed to a few areas to target proposals for funding:

•  DOE Small Business Innovation Research (SBIR) Program

Given the level of participation of industry in micro valve development, appropriate outside expertise could be harnessed and funded through an SBIR grant.

•  DOE High Energy Physics

Wim Leemans’ work in AFRD is presently funded within the HEP program.  He has the impression that HEP funding of his work may be decreasing but will collaborate with Engineering to submit a proposal.

•  DOE Fusion Energy Sciences
Victor Karpenko has been pursuing collaborative efforts with LLNL and General Atomics on projects funded within the Fusion Energy Sciences program.  Research will have to be conducted to determine if there are tie-ins to existing efforts at LLNL, General Atomics, or other organizations in order to evaluate the funding prospects for a gas target R&D effort at LBNL.

Proposed Work

Some of the proposed tasks listed below will occur in parallel, rather than sequentially:

Task 1: Define LWFA system requirements, constraints, and parameters

The complexity of Wim Leemans’ gas jet experiment necessitates a targeted effort to determine the system requirements, constraints, and relevant design parameters.  In order to undertake the design and fabrication of a next-generation gas jet, it will be necessary to gain a better understanding from Wim and his group of the existing accelerator and test stand technology.

Deliverable:
Documentation


Effort:

60 man-hours

Task 2: Investigate applications and funding research

There are multiple potential applications for a linear array of independently controlled micro-valves.  In this investigation, we will seek to identify some of those applications, in addition to LWFA, that have good funding prospects, companies and organizations that might have expertise we can leverage, and agencies that would be receptive to proposals.  This effort may include travel to visit companies, universities, and national labs working in related areas.

Deliverable:
Documentation of applications and agencies targeted for proposals


Effort:

120 man-hours

Task 3: Create conceptual design(s)

Given good prospects for funding from one or more agencies, it will be necessary to establish one or more conceptual designs with a level of detail adequate to write compelling proposals.  This effort may involve CAD modeling, analytic calculations, and FEA simulations.  Materials may include reference books and software.

Deliverable:
Documentation of concepts and engineering calculations

Effort:

120 man-hours

Task 4: Write proposal(s) and submit to funding agencies

Proposals writing will involve identification of task lists, development of budgets and schedules for proposed work.  This phase will require the close participation of the Sponsored Research Office in Engineering.


Deliverable:
Proposals submitted to one or more sponsors or funding agencies

Effort:

160 man-hours


Funding Requested:

	Labor
	$44 k
	460 man-hours at $95 per hour

	Travel
	$5 k
	See Task 2

	Materials
	$2 k
	See Task 3

	Total
	$51 k
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