
SCALLOPED HIBACHI AND VACUUM-PRESSURE FOIL FOR ELECTRA: 
ELECTRON BEAM PUMPED KrF LASER∗ 

 

R. Jaynes+, T. Albert++, F. Hegeler++ and J. D. Sethian 

Plasma Physics Division, Naval Research Laboratory 
Washington, DC 20375 USA 

 
 

                                                
∗ Work supported by DOE/NNSA 
+ Science Applications International Corp., McLean, VA 22102 USA 
++ Commonwealth Technologies Inc., Alexandria, VA 22315 USA 

Abstract 
 

We are developing a new type of “scalloped” hibachi 
structure to be deployed on Electra, a 700 Joule/pulse 
electron beam pumped KrF laser system, to improve the 
durability and efficiency of the pressure foil.  In an e-
beam pumped laser, an electron beam is generated in a 
high vacuum diode, and then passed through a pressure 
foil to pump the gain medium in the gas laser cell.  
Previous hibachi structures used flat “picture frame” 
topologies in which the foil is laid flat on the frame.  The 
natural bulging of the foils under pressure introduces 
significant stress concentrations at the corners of the rib 
openings.  In our new design, the hibachi frame is 
scalloped, so the foil between the ribs approximates a 
section of a cylindrical pressure vessel.  This 
arrangement eliminates these stress concentrations and, 
because the stress can in principle be made purely 
cylindrical, lowers the overall stress as well.  This allows 
use of a thinner foil to transport the e-beam more 
efficiently. 

Two techniques were developed to seal this non-planar 
vacuum surface: utilizing a bonded gasket-foil fixture or 
employing a quad or double seal o-ring.  The former is 
less expensive, but only proved viable for thicker foils.  
These methods have been shown to support foils of 
various materials including aluminum, stainless steel, 
and titanium with thicknesses ranging from 12 µm to 75 
µm.  Foils have been tested under high vacuum and with 
up to 30 psi differential applied to the foil. 

 
 

I.  INTRODUCTION 
 

The Electra laser system at the Naval Research 
Laboratory is a repetitively pulsed electron beam pumped 
krypton fluoride (KrF) laser system that is being used to 
develop the science and technology for a durable and 
efficient laser driver for inertial confinement fusion 
energy (IFE) applications [1-8]. 

The foils are a critical part of this durability and 
efficiency.  The electron beam, generated in a high 
vacuum diode,  passes through a pressure foil to pump the 

gain medium in the gas laser cell.  The foil must have a 
low enough areal density to allow the electron beam to 
pass through efficiently, but strong enough to withstand 
the pressure of the gas in the laser cell as well as the 
shock wave generated when the electron beam deposits its 
energy in that gas.  Previous experiments at the Naval 
Research Laboratory have shown the e-beam can deposit 
up to 75% of its energy in the laser cell with a 1 mil (25 
µm) thick Ti foil, where as  1 mil Stainless Steel 304 and 
2 mil Ti foils allow up to 70% of the diode e-beam energy 
in to the laser gas [9].  These results were benchmarked 
against the Integrated Tiger Series (ITS) simulations.  
These experiments were carried out on the 500 kV Electra 
Main amplifier.  For the smaller Electra preamplifier, the 
electron beam voltage is only 175 kV, which reduces the 
choices for foils to 1 mil Al or the equivalent.  Since a 1 
mil aluminum foil is relatively weak, we need to develop 
a more advanced hibachi to support it.    
 
 

II.  THE HIBACHI AND FOIL 
 

Since the foil is not strong enough to span the whole 
distance of the laser cell, it is typically supported by a 
periodic rib structure, called a hibachi.  Traditional, flat or 
‘picture frame’ type hibachis will induce 3-D stresses in 
the corners of the rib openings when the foil is under 
pressure.  The new scalloped hibachi presented in this 
paper reduces these stresses by allowing the foil to 
conform to a purely 2-D topology.  This geometry does, 
however, provide a challenge of sealing to high vacuum 
conditions.  In this paper we will examine two methods of 
sealing this scalloped hibachi: a gasket technique and a 
quad or double seal o-ring technique. 

Figure 1 depicts a cutaway side view and dimensions of 
the new scalloped hibachi.  The angle θ is 40 deg. The rib 
width is 0.225”, the rib opening is 0.788” and Rfoil is 
0.535”.    
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Figure 1. Example of a scalloped hibachi structure.  
 
 
 

 In the scalloped hibachi, the stress is purely two 
dimensional.  The maximum stress in a 2-D foil is 
calculated using the following equation: 

 

 
θsin

1
t

paS =  (1) 

 
with the pressure ‘p’, width the foil spans ‘2a’, thickness 
of the foil ‘t’ and the angle θ  which the foil makes 
between the foil and the top rib contact point [10].  

Below are some calculations of maximum stresses in 
foils at 0.5, 1, and 2 mil thicknesses and for typical laser 
operating pressures of 1 atm, 1.5 atm, and 2 atm.  

 
 

Table 1.  Foil stress calculations for θ=40ο, a = 0.394". 

 
 
 

 In Table 2, we compare the maximum stresses, 
calculated above to ultimate and yield strengths of 
materials we can use for foils.  The titanium foil is by far 
the strongest, but it has a disadvantage in that it has been 
observed to be strongly reactive with fluorine at elevated 
temperatures.  When considering foils for efficient energy 
transmission, to the first order, foil thickness times 
density can be compared to each other (i.e. 3 mil 
aluminum, 2 mil titanium and 1 mil stainless steel provide 
similar e-beam transport efficiencies).  The 3 mil 
aluminum has much higher yield strength than 1 mil 
stainless steel, but since stainless steel is more ductile, due 
to the relative large difference between its ultimate and 
yield strength, it has been shown to be more durable on 
experiments with the Electra main amplifier.  All three 
foils are investigated for use in the scalloped hibachi. 
 

 
 
 

Table 2.  Strength and density of foil materials 

 
 

III.  Experiment Setup and Procedure 
 
 A special test fixture was built as shown in Figure 2, to 
evaluate the vacuum seal of the scalloped hibachi.  The 
foil is placed on a hibachi frame, in the center of this 
fixture, separating the top pressure cell from the lower 
vacuum cell.  From the bottom of the fixture there is a 
vacuum line that goes to a BOC Edwards turbo pump 
model# ext 255H 24V.  This pump is backed by an Anest 
oil free scroll vacuum roughing pump, model# isp-90.  
Ultimate vacuums were tested with a blank flange in place 
of the foil and found to be ~2E-2 Torr for the roughing 
pump, and ~2E-5 with the turbo pump.  Above the foil is 
a 1” thick Lexan plate for adding additional pressure to 
load the foil, with compressed nitrogen up to 2 
atmospheres (30 psia).   
  

 

 
 
Figure 2. Picture of hibachi test fixture.  

 
 
Figure 3, is a side view of the hibachi test fixture.  

Visible is a cross-section of the fixture along the scalloped 
direction.  There are 5 ribs to support the foil. The foil 
spans a distance of 0.788” between the ribs, and the ribs 
are 0.225” thick.  This gives a 77.7% optical transmission 
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for the e-beam through the ribs.  Electrostatic defocusing, 
scattering in the foil and back scatter from the laser gas 
cell will further decrease the total electron transmission.  

 
 

  
Figure 3. Side view of scalloped hibachi test fixture.  

 
 

The test procedure is as follows: Once the foil is seated, 
the roughing pump is started and vacuum is monitored for 
about 1 hr.  If the vacuum measures 2e-2 torr and the foil 
appears in good shape under atmospheric pressure, then 
the turbo pump is started and the foil is continuously 
monitored for vacuum leaks, or wrinkles and deformation 
that can lead to foil failures.  If there is a good vacuum 
seal on the foil, the turbo pump will bring the vacuum 
down to a pressure of about 2e-5 torr,  the ultimate 
pressure for the system.  Next, the 1” thick Lexan plate is 
placed on top of the test fixture to allow the foil to be 
tested under pressure.  Pressures up to 30 psi differential, 
can be added to load the foil.  Initial testing of foil is 
always done with the roughing pump only, to verify foil 
integrity.  Then more sensitive testing is done with the 
turbo pump.  The turbo pump allows the foil to be 
checked for smaller vacuum leaks, which may not be 
noticed on the roughing pump. 

 

  
(A)       (B) 

 
Figure 4. Aluminum foil in hibachi test fixture.  
(A) Whole hibachi, (B) Close up of foil under pressure.  
 
 
 Figure 4(A) depicts an example foil under test in the 
test fixture.  Before the foils are put under pressure there 
is some slack in the foil, which allows it to ripple a little.  

A close up view of the foil under pressure in Figure 4(B) 
shows that the foil becomes very taut and displays a two 
dimensional scalloped appearance. 
 We developed the following techniques to successfully 
seal the foil: In the first method, a gasket is bonded all 
around the foil as in a picture frame.  The sealing side of 
the gasket is coated with Krytox vacuum grease, then the 
foil is placed in the hibachi frame.  The gasket and foil are 
held in place from the top with a clamp frame, which is 
bolted through holes in the gasket to the hibachi frame.  
This top frame is precisely torqued to 18in-lb with screw 
spacing of 1.088” in.  This applies a very uniform 
pressure to the gasket, which was found to be important 
for a good vacuum seal. 
 
 

 
 

Figure 5. Perspective rendering of hibachi test fixture.  
 

A second method of sealing the hibachi utilizes a quad 
or double seal o-ring in a scalloped o-ring groove.  This o-
ring is inserted in to the groove depicted in Figure 5.  The 
‘X’ shape of the quad or double seal o-ring provides 
additional sealing since it comes in contact with the foil 
on two surfaces. In addition the ‘X’ shape helps the o-ring 
stay wedged in the o-ring groove as it bends through the 
troughs and valleys of the scalloped hibachi.  It was found 
that having the bottom of the o-ring groove with a round 
cross-section, as opposed to a square cross-section, aids in 
the sealing process since the double or quad seal o-ring 
seals on the sides of the o-ring grove as well.  The 
rounded bottom surface also reduces manufacturing costs 
since a simple ball end mill can be used to cut this grove, 
even on complex scalloped surfaces.  To make a square 
cross-section o-ring grove over a scalloped surface would 
require a five axis milling machine, or many passes with 
very small end mills.  Thus the rounded cross-section o-
ring grove aids in sealing the hibachi as well as reducing 
manufacturing costs. 

The following are a summary of the different foils 
and methods used to seal the hibachi, and the results: 
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A.     25 µm  Stainless Steel Foil and Gasket 
 The 25 µm  (1mil) stainless steel foil was the easiest 
foil to seal. The Stainless steel is much stronger than the 
aluminum foil, and the stiffness of the foil keeps it from 
wrinkling under pressure.  The steel foil is too thick to 
allow the electron beam to pass through at a reasonable 
efficiency for the Electra pre-amp hibachi, according to 
tiger simulation.  This foil is not an option for the Electra 
pre-amplifier laser system unless it can be made pinhole 
free at thicknesses less than .00025”, but is still an option 
for the main amplifier, since the e-beam voltage is 
significantly higher. 
 
B.     75 µm  Aluminum Foil and Gasket 
 The 75 µm (3 mil) aluminum foil was very easy to seal 
at 1 atmosphere of pressure.  Again this foil is thick 
enough to make it stiff so it does not wrinkle when put 
under pressure.  As with the stainless foils, this foil is too 
thick to be used on the hibachi of the pre-amplifier laser. 
 
C.     25 µm  Aluminum Foil and Gasket 
 The 25 µm (1 mil) foil is thin enough to transmit the 
electron beam with reasonable efficiency through the foil, 
but the foil is so thin that it was difficult to clamp using 
the gasket method.  This method allowed the foils to pull 
out under pressure, particularly at the ends.  As a result 
the foils tended to be depressed into the corners of the rib 
openings, which lost the purely cylindrical stress.  As a 
result the foils tended to wrinkle, and rupture at the 
corners of the end rib openings.  Despite numerous 
attempts and fixes, the 1 mil aluminum foil was not able 
to be sealed using the gasket method but the double or 
quad seal o-ring was able to easily seal this foil.   
 
D.     12 µm  mil Etched Titanium Foil and Gasket 
 The titanium foil is much stronger than the aluminum, 
having a yield strength of 115,000 psi, compared to 
aluminum with a yield strength of 28,000 psi, so a thinner 
titanium foil will have enough strength to span the ribs 
without breaking.  Since there are no commercially 
available foils that are rolled to a thickness of 12 µm and 
wide enough to fit the size of the laser cell, these foils 
were created by etching 25 µm titanium foils down to the 
thickness of 12 µm.  These foils are very thin and have 
very little stiffness, which allows the foils to bend and 
wrinkle very easily.  Even though these thin foils did 
deform under pressure, they did not rupture due to their 
superior strength and were successfully tested with 25 psi 
differential pressure. 
 
E.     Quad or Double Seal O-Ring 
 The quad or double seal o-ring was able to seal the most 
difficult foil, the 25 µm (1 mil) aluminum foil, where the 
gasket method was not.  The cross-section of a quad or 
double seal o-ring is depicted in Figure 6(A).  In Figure 
6(B) shows the double or quad seal o-ring with the 
rounded o-ring groove below and clamp frame above.  

The foil will seat between the top of this o-ring and the 
bottom of the clamp frame.  This configuration is able to 
hold the foil more tightly than the gasket configuration, 
and thus keeps the stresses purely cylindrical.  This 
arrangement successfully sealed 25 µm aluminum foil, 
with 30 psi differential pressure.  This will be the method 
used to seal the foil on the pre-amp scalloped hibachi. 
 
 

 
 
 

(A) 
 
 

        
(B) 

 
Figure 6. (A) Cross-sectional view of a quad or double 
seal  o-ring and cut away view of o-ring. (B) Cut away 
view of quad or double seal o-ring with rounded o-ring 
groove below and clamp frame above. 
 
 

IV.  CONCLUSION 
 
 The scalloped shaped hibachi is a novel hibachi design 
that will reduce stresses and increases durability and 
efficiency of a hibachi pressure foil of an e-beam pumped 
laser system.  This reduction of stress is realized by the 
special scalloped shaped hibachi structure that forces the 
foil to conform to a purely 2 dimensional surface, thus 
alleviating wrinkles and higher stresses associated with 3-
D deformation of the foil.  Two methods were 
investigated to seal this non-conventional vacuum surface, 
a gasket method, and a quad or double seal o-ring method.  
The quad or double seal o-ring method was found to be 
superior because it was able to more tightly clamp the 
foil, and prevent the foil from losing its purely cylindrical 
stress. 
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