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Introduction:   
     Quartz vacuum windows with matching layers have been fabricated for use with the 
GBT 3mm receiver.  This report describes the design, fabrication, and testing of these 
windows.  The 3mm receiver is designed to operate from 68-116 GHz.  The broad 
bandwidth requires one band from 68-90 GHz, and a second band from 90-116 GHz.  A 
calibration feed covers the entire band 68-116 GHz.  Two vacuum windows (1+1 spare) 
at each frequency band have been fabricated. 
 
Background:   
     Much of the work done is based on the work of Koller, Kerr, Ediss, and Boyd, 
(ALMA memo 377, “Design and Fabrication of Quartz Vacuum Windows with Matching 
Layers for Millimeter-Wave Receivers”).  Vacuum windows are required to preserve the 
vacuum integrity needed to operate at cryogenic temperatures, while allowing 
transmission of the electromagnetic energy over the band of interest, with minimal signal 
loss.   
     The GBT 3mm receiver requires three separate vacuum windows, low band 68-90 
GHz, high band 90-116 GHz, and broadband 68-116 GHz.  All windows use matching 
layers of high density polyethylene (HDPE), and expanded Teflon 
PolyTetraFluoroEthylene, (PTFE) bonded to a Z-cut crystalline quartz vacuum window 
with epoxy.  The expanded Teflon used for this application is Goretex and Zitex.  (For 
this document, Goretex and Zitex are referred to as Goretex.)  When considering 
dielectric constant and low absorption, prior testing has found HDPE and Goretex to be 
suitable for the antireflection layers. 
     Early modeling suggested the need for a five-layer window.  A cross section of the 
Goretex, HDPE, and quartz layers, without the epoxy, is shown below: 
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Quartz:  
     Polished crystalline quartz blanks form the primary structure of the vacuum window.  
The quartz allows for using a standard o-ring to seal the vacuum.  The minimum 
thickness of the quartz was chosen to withstand a pressure differential of 4 atmospheres.  
Figure 7 from ALMA memo 377 is reproduced here:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     
 
     It gives minimum thickness for free rim quartz blanks, with a safety factor of 4.   The 
quartz used is 3.75” diameter, and has a nominal thickness of 0.225”.  The dewar frame 
opening is 3.112” diameter.  
 
Modeling: 
     All modeling was done using Microwave Office Suite from Applied Wave Research.  
The program allows one to model the five-layer window as a series of transmission lines.  
Parameters such as dielectric constant and thickness for the quartz and Goretex are input 
as constants.  The program can then optimize the response by changing certain variables, 
such as the HDPE thickness. 
     Modeling the window starts with preparing the quartz blank.  The quartz should be 
cleaned first with liquid soap and water, rinsed, re-rinsed thoroughly with distilled water, 
and dried with nitrogen.  If more aggressive cleaning is needed, petroleum ether, acetone, 
and/or alcohol may be used.  Next, the quartz thickness is measured and recorded.  When 
making thickness measurements of the quartz, HDPE, and Goretex, eight points (5 near 
the center, and 3 near the edge) were taken and averaged.  Although the quartz and 
finished HDPE thicknesses were very consistent, the Goretex thickness varied by as 
muck as 0.001” over the disk.  The dial indicator used for all measurements is a Mitutoyo 
model C112EB, accurate to 0.00005”, mounted to a granite plate accurate to 0.0001”.  
Measurements were done at room temperature. 
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Digital micrometer and granite plate 

 
A typical model from Microwave Office is shown: 

    
 
 
 

TLINP
ID=Goretex1
Z0=Z1 Ohm
L=T1A mil
Eeff=Er1
Loss=A1
F0=0 GHz

TLINP
ID=HDPE1
Z0=Z2 Ohm
L=T2A mil
Eeff=Er2
Loss=A2
F0=0 GHz

TLINP
ID=Epoxy1
Z0=Z4 Ohm
L=T4 mil
Eeff=Er4
Loss=A4
F0=0 GHz

TLINP
ID=Quartz
Z0=Z3 Ohm
L=T3 mil
Eeff=Er3
Loss=A3
F0=0 GHz

TLINP
ID=Epoxy2
Z0=Z4 Ohm
L=T4 mil
Eeff=Er4
Loss=A4
F0=0 GHz

TLINP
ID=HDPE2
Z0=Z2 Ohm
L=T2B mil
Eeff=Er2
Loss=A2
F0=0 GHz

TLINP
ID=Goretex2
Z0=Z1 Ohm
L=T1B mil
Eeff=Er1
Loss=A1
F0=0 GHz

PORT
P=1
Z=1 Ohm

PORT
P=2
Z=1 Ohm

Er1=1.3

Er2=2.34

Er3=4.5

Er4=2.8

Dielectric constants

RA7956 Goretex

HDPE

Quartz

Epotek 301-2 epoxy

Z1= Er1^-.5

Z2= Er2^-.5

Z3= Er3^-.5

Z4= Er4^-.5

Characteristic impedance

RA7956 Goretex

HDPE

Quartz

Epotek 301-2 epoxy

T1A=19.7

T2A=20.4

T3=225.6

T4=0.2

Thickness/Length, mils

RA7956 Goretex, side A, actual measurement, 2/22/05

HDPE-A

Quartz, actual measurement 2/22/05

Epotek 301-2 epoxy

A2=39.37*(-0.04+0.0017*_FREQ/1e9)

A3=39.37*4.343*2.54*1.07e-4*(_FREQ/30e9)^2

A4=(2.10124*_FREQ/1e9)+(0.00571307*(_FREQ/1e9)^2)

RA7956 Goretex

HDPE

Quartz

Epotek 301-2 epoxy

Attenuation variables

A1=39.37*4.343*2.54*6e-5*(_FREQ/1e9)

GBT 3mm receiver, 68-90 Ghz 5 layer window-A s/n 001

Port impedance Z0=1 ohm

Dielectric constant for Goretex experimentally obtained in 03/2000

Dielectric constants for other materials obtained from datasheets

Thickness of Goretex and Quartz are fixed at measured values

Thickness of epoxy between HDPE and quartz experimentally determined to be 0.2 mils

Thickness of epoxy bond between Goretex and HDPE assumed zero

Machined thickness of HDPE is optimized after measuring Goretex and quartz

T1B=19.1 RA7956 Goretex, side B, actual measurement, 2/22/05

T2B=20.48 HDPE-B
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     In the same way, select and measure the thickness of two pieces of Goretex.  As the 
Goretex stock was new, no cleaning was necessary, but care should be used to avoid 
fingerprints.  The quartz and two pieces of Goretex are labeled and stored in clean plastic 
bags.   
     Attenuation variables, dielectric constants, and thicknesses of all known materials are 
input to the program.  If done correctly, the only variables should be the HDPE 
thicknesses.  Setting up S11 goals within the program allows it to optimize the HDPE 
thicknesses.  Accurately record the thickness as each layer is bonded.  If too much HDPE 
is removed from side 1, slight corrections can be made by leaving side 2 thicker, but this 
situation is best avoided to achieve accurate modeling. 
     
Tooling:  
     New tooling was developed to hold and machine the various components of the 
vacuum windows.  A rotary vacuum chuck was fabricated to hold the quartz and HDPE 
for lathe turning.  The vacuum hose is routed through a rotary coupler for lathe turning.  
A separate vacuum chuck was made for use with the precision surface grinder.  One 
common vacuum pump was used for either chuck.  Drawings for the vacuum chucks are 
found in appendix A. 
 

   
Mounted lathe vacuum chuck   Lathe rotary coupler and vacuum gage 
 
 

   
GAST vacuum pump     Surface grinder chuck 
(Small hose is vacuum line, 
large hose is exhaust) 
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Epoxy: 
     The epoxy used to bond the layers to each other is Epoxy Technology Epo-Tech 301-
2.  This is an optical grade two-part epoxy.  The dielectric constant is 2.10124.  From 
prior experimentation, the thickness of the epoxy was determined to be 0.0002”. 
 

 
Epoxy and digital scale 

 
Epoxy preparation: 
     Regardless of the layer being bonded, epoxy preparation is the same.  Use a digital 
balance scale and dispense 3g of part A into a small mixing cup.  Dispense 1.05g part B 
into the mixing cup.  Mix thoroughly for 5 minutes.  Vacuum degas for at least 1 hour.  
Release vacuum slowly to avoid air entrapment.  The epoxy has an open time of 8 hours; 
however, it was typically used within 2 hours of mixing for this project. 
     The epoxy is cured at 60 C for a minimum of 12 hours. 
 
Expanded Teflon: 
     Both Goretex RA7957 and Zitex G-110 are used as matching layers.  Both are 
expanded PTFE.  The Goretex has a dielectric constant of 1.30 and a nominal thickness 
of 0.020”.  Goretex is not available in thicknesses of less than 0.020”.  Zitex has a 
dielectric constant of 1.45 and a nominal thickness of 0.010”. 
 
HDPE: 
     The first layer bonded to the quartz is HDPE.  Two different forms of HDPE were 
tried.  The first was HDPE rod stock, (McMaster-Carr 8624K54).   It has a Shore-D 
hardness of 60, and a tensile strength of 3250PSI.  The second was HDPE sheet stock, 
(McMaster-Carr 8619K421).   It has a Shore-D hardness of 69, and a tensile strength of 
4000PSI. 
     Two problems were encountered when using the rod stock.  After machining to near 
1/16” thickness, the rod stock tended to cup significantly.  Attempts to flatten the disk 
with pressure and heat didn’t help.  Presumably, stresses from the extrusion process are 
relaxed after the thin disk is cut, leading to the cupping.  See photo on next page. 
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Cupping of HDPE rod stock after machining 

 
     Secondly, when test pieces of rod stock were epoxied to the quartz, adhesion was 
poor.  In conversations with a plastics engineer, it was learned that wax additives are 
typically added to HDPE to help in the extrusion process.   This wax likely prevents 
acceptable adhesion. 
     Sheet stock didn’t exhibit any cupping.  Test samples bonded better, indicating wax 
was not used during the manufacturing process.  Based on this, sheet stock was selected 
for all applications. 
 
HDPE surface preparation: 
     Polyethylene, like most inert thermoplastics, is difficult to bond.  As a non-stick, easy-
to-clean surface it is superb. This same feature challenges adhesive bonding.  HDPE is 
very difficult to bond, because of its non-polar, non-porous and nearly chemically inert 
surface. Prior to bonding HDPE, its surface must be treated to allow good adhesion.  
     In the past, chemical treating was used to prepare the HDPE for bonding.  The 
solution was a mixture of sulfuric acid and sodium dichromate.  Because this is a strong 
oxidizer, extreme care must be used when handling the solution.  The solution becomes 
less effective with use and age, so it must be periodically replaced.  Storage and disposal 
of the solutions is also a concern.  For these reasons, a new method of treating the HDPE 
was explored. 
     Several methods are available to treat the HDPE surface.  Many of the treatments are 
commonly used in the consumer industry (plastic drink bottles, automobile bumpers) to 
allow ink and paint to adhere to the plastics.  Chemical, flame treatment, corona 
discharge, electrostatic discharge, gas plasma, and fluorine are all used successfully.  
Many of these treatments require specialized, expensive equipment.  Flame treatment was 
chosen because equipment (acetylene torch) was available in the Green Bank welding 
shop.  Although a normal cone tip will work, a new tip was fabricated to spread the flame 
along a line.  See photo next page. 
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Torch nozzle used for flame treating 

 
     Flame treatment creates ionized oxygen and nitrogen from the air, which bonds to the 
HDPE. To accomplish this, a highly oxidizing flame is quickly passed over the HDPE.  
Direct exposure to an open flame changes the surface tension and allows the epoxy to 
adhere.  This changes only the very top surface to a more polar skin that will lower 
surface tension and wet out polar materials such as water, inks, and adhesives.  Surface 
tension is measured in dynes/cm, the force in dynes required to break a film of length 1 
cm.  Raw HDPE has a surface tension of about 34 dyne/cm.  Bonding the HDPE requires 
a dyne level of >48 dyne/cm.  Calibrated oil, in the form of dyne pens, is widely available 
for testing the surface tension of HDPE.  The highlighter-like pens are filled with 
calibrated oil which "flows out" or "beads up" at specific dyne levels.  If the surface 
energy is higher than the surface tension of the oil, the oil will stay wetted out on the 
surface, if not it will bead up.  After a few attempts, it becomes second nature to identify 
by the amount of gloss-change on the surface if your surface treatment has been proper.   
 
 

 
Dyne pens, ranging from 36 to 46 dyne/cm 
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     Done properly, flame treating is not detrimental to the HDPE structurally, and does 
not change the color. The surface thickness of treated HDPE film is relatively small in 
size.  Many solvents, such as toluene and acetone, will remove this thin treated layer, so 
care must be taken in handling the treated HDPE.  The only noticeable change is a slight 
difference in the gloss of the surface between the oxidized and non-oxidized portions of 
the HDPE.  
 

 
Test sample showing untreated HDPE sheet stock on left, and treated on right. 

 
Flame treating procedure: 
     It’s best to practice on scrap HDPE before treating the actual window material.  Place 
a clean piece of HDPE on a non-flammable horizontal surface.  Install the torch nozzle on 
the acetylene torch handle.  Pressure is regulated at 30PSI oxygen, and 7PSI acetylene.  
Light the torch and adjust for a neutral flame.  Slowly increase the oxygen until an 
oxidizing flame is observed.  Note: There is only a slight difference in appearance 
between the neutral flame and the oxidizing flame.  A better indicator is the sound of the 
burning flame.  The oxidizing flame has a much louder “hissing” noise associated with it. 
See photos next page. 
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Lighting the torch, reducing flame  Neutral flame 
 
 

 
Oxidizing flame 
 
     The intent of flame treating isn’t to melt the HDPE in any way.  With the oxidizing 
flame at about 6100F, melting the HDPE (melt point 260F) is a real possibility, hence the 
need for practice.  This is accomplished by making several quick passes over the HDPE 
surface.  Keeping the nozzle face about 2” from the HDPE seemed to work best.  After 
the flame is passed over the HDPE, the surface should only be mildly warm to the touch.  
Once melted, the HDPE is significantly altered, and further flame treating doesn't help.  If 
any of the surface melts, the material is not usable.  It doesn't appear that the surface can 
be "over treated".  Additional exposure will not provide better adhesion. 
     Left exposed to air over time, the treated surface will gradually become non polar.  
Various sources suggest bonding within several hours to several weeks of flame treating.  
To avoid possible adhesion problems, the HDPE for this project was bonded as soon as 
possible after flame treating, typically within an hour. 
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Ready to pass the oxidizing flame over the HDPE 

 
Air press: 
     As each layer (either HDPE or Goretex) is bonded, an air press was used to insure 
reliable contact.  A nitrogen bottle with regulator was used as a supply.  Used in 
conjunction with the air press is a Variac to control voltage to a heater, digital 
thermometer, gage to monitor pressure, and various valves to control pressurization and 
venting of the press.  Operation of the air press is slightly different, depending whether 
the HDPE or Goretex is being bonded.  The press is also used for transferring the mixed 
epoxy onto the Goretex.  
 

 
From left to right:  Variac, air press,  press components, digital thermometer, pressure 
gage, press valve, vent-valve to air blow gun, hose to nitrogen bottle regulator. 
 
 
Air press components and operation: 
     The press components allow for consistent curing of epoxy while under pressure.  
Heavy aluminum plates insure even pressure distribution over the quartz window.  
Ceiling tiles thermally insulate the quartz.  A heating pad (McMaster Carr #5765K143) is 
set and maintained at 65C during the epoxy cure.  The cup-like base sets on the heating 
pad and holds the quartz window assembly.  A digital thermometer was attached to a 
tapped hole in the base.  An oversized piece of protective food wrap is placed loosely 
over the base.  One-sixteenth thick Teflon disks are used to buffer the pressure exerted by 
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the air press.  The flame treated 4” diameter HDPE to be bonded is then placed on the 
Teflon buffer, treated side up.  The centering ring is then placed over the HDPE.  The full 
mixed amount of prepared epoxy is poured slowly on the center portion of the HDPE.  
Excess epoxy will simply squeeze out.   Since the Teflon buffer and centering ring are 
not flame treated, the epoxy doesn’t adhere, allowing for easy cleanup after the epoxy 
cures.  There is no need to try and spread the epoxy, as normal press operation insures an 
even bed over the entire surface.  The quartz is then gently laid on the epoxy bed.  The 
centering ring holds both the HDPE and Goretex in position, however both need to 
“float” relative to each other, without binding.  Next, install the top Teflon buffer, 5” 
diameter disk, insulator, top plate, and top disk.  The entire stack is then placed and 
centered in the air press.   
      

 
 
 
 

 

 
Press components 
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Teflon centering ring 

 
     In all cases during fabrication, it’s critical to apply pressure very slowly to avoid 
destroying the quartz.  With the nitrogen regulator backed completely off (zero PSI), 
open the main bottle valve and valves to the press.  While monitoring the pressure gage at 
the press, slowly turn the regulator.  To insure even epoxy squeeze-out, the pressure  
should be increased from 0 PSI to the final pressure over 5-10 minutes time.  Once the 
final pressure is reached, close the press valve, back out the regulator to 0 PSI, and close 
the main bottle valve.  When bonding the HDPE to the quartz, set the pressure to 17 PSI 
on the gage.  Operate the press at 8 PSI when bonding the Goretex/Zitex to the HDPE.  
Assuming the air press is leak free, the pressure will hold during the curing time.   
     Turn on the Variac and set the voltage to the heater so that the temperature stabilizes 
at 65C.  Cure overnight.  Turn the Variac off, and allow the temperature to stabilize to 
room temperature.  Release the pressure by slowly opening the air blow gun vent valve, 
and the press valve. 
 
Machining the quartz/HDPE: 
     Remove the quartz/HDPE assembly from the press.  The excess squeeze-out of epoxy 
will partially bond to the Teflon buffer and Teflon centering ring, but these are easily 
separated from the quartz.  A stationary belt sander with an 80-grit belt is used to slowly 
remove the excess epoxy and oversized portion of the HDPE disk.  Use care not to 
overheat the disk, and hold the disk edge tangent to belt sander.  Sand the HDPE to the 
same diameter as the quartz. 
     Mount the quartz/HDPE window in the lathe vacuum chuck.  Turn to 0.0015” over 
modeled target thickness.  Next, install in surface grinder vacuum chuck.  Machine the 
surface to exact target thickness. 
     Repeat the above to finish the second HDPE side. 
      
Bonding the Goretex/Zitex to HDPE: 
     After both sides are machined to their final thicknesses, flame treat one side and bond 
the Goretex.  As the Goretex is somewhat porous, an epoxy transfer method is used to 
apply a minimal amount of the adhesive. 
     Two 4” diameter x 1” thick disks are used to transfer the epoxy.  The faces of the 
disks were machined on the surface grinder to insure flatness.  
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4” diameter epoxy transfer disks 

 
     Begin by cleaning the disks with soap and water, rinse with water, then distilled water.  
Dry with nitrogen.  Prepare the epoxy.  Place several layers of paper towels in the bottom 
of the press base.  Place one of the disks on the towels.  Pour about ½ the epoxy mixture 
in the center of the disk.  Place the second disk on the epoxy bed.  Operate the press at 25 
PSI for 1 minute.  Vent the press, remove the two disks, and clean the edges of excess 
epoxy.  Place the two-disk sandwich on edge, and use a wide sharpened paint scraper and 
small hammer to pry the two disks apart. 
     Clean the press base of any epoxy.  Place a few layers of paper towels in the base.  
Place a Teflon buffer on top of the towels.  Place the Goretex on the Teflon buffer.  Place 
one epoxy disk, epoxy side down on the Goretex.  Place the additional press component 
on the disk.  Operate the press at 8 PSI for 1 minute.  Vent the press, and peel the Goretex 
off the disk.  Leave the Goretex in the press base, and transfer the epoxy from the second 
disk in the same manner.  Remove the disk and Goretex, being careful not to touch the 
epoxy coated surface of the Goretex. 
     Clean the press base of any epoxy.  Assemble the press components in the same 
manner as when bonding the HDPE to quartz.  Place the prepared Goretex in the press 
base, along with the Teflon centering ring.  Place the flame treated HDPE/quartz/HDPE 
window in the press, flame treated side down.  Assemble the rest of the press 
components.  Operate the press at 8 PSI overnight at 65 C.  Remove from the press, and 
trim the excess Goretex by hand using a razor blade. 
     In the same manner, apply the prepared Goretex for side two to the flame treated disk. 
     One side of the window will need to be trimmed of Goretex and HDPE to allow for o-
ring sealing.  Determine and layout the diameter needed, and hand trim with a razor 
blade.  Scrape off residual epoxy on the quartz. 
     Inspect the finished window carefully.  Measure the average finished thickness.  
Apply a model and serial number to the edge. 
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          Finished 5 layer window, top side   O-ring side 
 
Summary fabrication procedure: 
 

1. Select and clean the quartz blank.  Record average thickness. 
2. Select and cut two oversized pieces of Goretex. Record average thickness of each. 
3. Cut two oversize HDPE pieces. 
4. Input thickness values of quartz and Goretex into Microwave Office. 
5. Set up S11 goals and let the program optimize the HDPE thickness. 
6. Clean the HDPE. 
7. Flame treat one side of one piece of the HDPE. 
8. Prepare the epoxy and bond the HDPE to the quartz. 
9. Determine the “machine to” quartz/epoxy/HDPE thicknesses. 
10. Install in the lathe chuck and machine to 0.0015” over the target thickness. 
11. Install in the surface grinder chuck and machine to final thickness. 
12. Repeat for the second side HDPE, beginning with step 6. 
13. Flame treat one side of the HDPE/quartz/HDPE window. 
14. Mix epoxy and apply to one piece of the prepared Goretex. 
15. Bond the Goretex to the HDPE. 
16. Repeat for the other Goretex piece, beginning with step 13. 
17. Confirm and record final thickness. 
18. Label and serialize. 

 
Testing: 
     Testing each window involves mounting the finished window in a test fixture, and 
performing return loss measurements.  The test fixture rail (Spindler and Hoyer) holds the 
individual components in alignment. 
     Spacing between components was determined by the geometry of the 3mm receiver 
top plate, radiation shields, feedhorn mounting, etc.  Aperture diameters were determined 
by the o-ring diameters, feedhorn spacing, infrared filter spacing, etc. 
     Both WR12 and WR10 extenders were used during testing.  Data from the 
overlapping frequencies was taken and later compiled in Excel and plotted. 
     An Anritsu 37397C vector network analyzer with Olsen WR12 and WR10 extenders 
was used for all measurements.   
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Basic setup for all measurements: 

 
A waveguide calibration was done at the extender WR10/12 output.  Next, the 3mm 
feedhorn, IR filter, quartz window, and load were installed. 
 
 
 
 
 
 

 
Anritsu VNA, Oleson WR10 extender, feedhorn, IR filter, quartz window, load 
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Test results: 
 

68-90 Ghz window, S/N 001
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68-90 Ghz window, S/N 002
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90-116 Ghz window, S/N003
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90-116 Ghz window, S/N004
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68-116 Ghz window, S/N 005
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68-116 Ghz window, S/N 006
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