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TECHNICAL MEMORANDUM

IODINE BEAM DUMP DESIGN AND FABRICATION

1. INTRODUCTION

During the testing of electric thrusters, high-energy ions impacting the walls of a vacuum
chamber can cause corrosion and/or sputtering of the wall materials, which can damage the cham-
ber walls. The sputtering can also introduce the constituent materials of the chamber walls into
an experiment, with those materials potentially migrating back to the test article and coating it
with contaminants over time. The typical method employed in this situation is to install a beam
dump fabricated from materials that have a lower sputter yield, thus reducing the amount of for-
eign material that could migrate towards the test article or deposit on anything else present in the
vacuum facility.

The iodine beam dump (IBD) described in this Technical Memorandum (TM) was fabri-
cated to support the testing of low-power iodine Hall effect thrustersi (HET) as part of the iodine
satellite project.? Iodine is being explored as an alternative to xenon, which is presently the propel-
lant of choice for state-of-the-art HETs. Iodine stores as a dense solid at very low pressures, mak-
ing it acceptable as a propellant on a secondary launch payload where high-pressure xenon gas
would be problematic. Iodine has exceptionally high density-specific impulse, making it an enabling
technology for near-term, small satellite applications and providing the potential for systems-
level advantages over mid-term, high-power electric propulsion options. lodine flow can also be
thermally regulated, subliming at a relatively low temperature (<100 °C) to yield iodine vapor at
or below 50 torr (see fig. 1). At low power, the measured performance of an iodine-fed HET is
very similar to that of a state-of-the-art xenon-fed thruster. Just as important, the current-voltage
discharge characteristics of low power iodine- and xenon-fed thrusters are similar, potentially
reducing development and qualification costs by making it possible to use an already-qualified
xenon-HET power processing unit to deliver electrical power to an iodine-fed system.
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Figure 1. Vapor pressure curve for molecular iodine.>#

In addition to using low sputter yield materials, the beam dump is designed specifically to
condense gaseous iodine to a solid state, effectively ‘pumping’ the gas by sequestering it during
a test to maintain vacuum conditions. This is similar to the manner in which standard cryopumps
are used to capture gases to maintain vacuum conditions. The vapor pressure curve®* shown in
figure 1 shows that gaseous iodine is amenable to in-vacuum capture and sequestration at tempera-
tures that are well above those of typical cryopumps that are cooled by gaseous helium (cooled to
~10-15 K to capture gaseous xenon) or liquid nitrogen. For example, when using gaseous iodine,
the vapor pressure at a modest —75 °C (~200 K) is below 107 torr and the vapor pressure at —100 °C
(~177 K) is below 108 torr. These temperature levels are readily achievable in recirculating refrig-
eration systems that, while being specialized, are still low cost relative to comparable recirculating
cryogenic fluid refrigeration systems like those that employ liquid nitrogen or gaseous helium.

While the IBD has been specifically designed to accomplish iodine-fed HET testing, the low
sputter yield surfaces of the beam dump will allow the IBD to protect the chamber during the test-
ing of any type of electric thruster. Furthermore, the cooled IBD could also be used to capture and
‘pump’ other condensable propellants that might be tested in this facility.

The outline for the remainder of this TM follows. First, the requirements that were used for
the IBD were reproduced and the subsequent design these requirements engendered are presented.
The process for fabrication, assembly, and installation of the IBD is described next, with special
attention given to the solutions that were developed for the unique issues that arose during the
manufacturing process. Finally, temperature history profiles during IBD operation are presented
asvalidation of the cooling and iodine sequestering capabilities of the IBD.



2. IODINE BEAM DUMP HARDWARE REQUIREMENTS AND DESIGN

The IBD consists of multiple flat aluminum surfaces that are covered on the plasma thruster
facing side with a thin graphite sheet. The aluminum surfaces are chilled to a temperature where
1odine will deposit as a solid on the panel while the graphite sheets protect the aluminum from
sputtering damage. The surfaces are assembled to minimize the direct reflection of discharged
1odine back towards the source being tested. To achieve this, the IBD was designed with a chevron-
like shape (fig. 2) where no part of the surface lies perpendicular to the direct line of thrust.

Figure 2. Side view of the IBD surfaces with the notional trajectories
of incoming particles shown.

2.1 Materials

The cold surfaces are analogous to the evaporator of a common refrigeration cycle, absorb-
ing energy while condensing iodine, with a pumped recirculating fluid transporting the heat out-
side the vacuum chamber. The use of aluminum versus copper reflects the desire to minimize the
material reactivity with iodine while still maximizing thermal conductivity. The graphite sheeting
facilitates sorption pumping or the adsorption of molecules on a very porous cooled material.
GRAFOIL® is a patented, flexible material that is essentially pure graphite carried on a thin film
of thermoplastic polymer, manufactured by GrafTech International Holdings, Lakewood, OH.
An analogy is a thin layer of graphite on scotch tape. The composite material provides compliance
and allows the extremely thin layers of graphite to hold their shape even as they are cut using con-
ventional methods. The material can also be attached to a variety of surfaces using conventional,
mechanical means. Graphite is commonly used as a filtration media because of its adsorbative



properties. It fulfills a similar purpose on the iodine beam dump by trapping iodine. Further-
more, the sputtering yield (defined as the number of surface atoms removed for each incident ion)
of graphite is typically much lower than that of metallic surfaces,’ making the former well suited
to protect the aluminum panels.

2.2 Sizing and Orientation

With the general shape of the beam dump defined, overall sizing of the cooling circuit
results from matching the nominal cooling circuit length for the associated refrigeration system
and fitting the final assembly into the vacuum chamber it protects. The shield was designed to
accommodate two independent but equal-length cooling circuits that each have ~28 m (92.1 ft)
of 1.27-cm (0.5-in) outside diameter tubing mechanically attached to the flat aluminum surfaces.
Asof this TM, only one of the two circuits is active with the chilled fluid provided by a single-
output, MaxCool XC-8800MT recirculating cryochiller.

The IBD is installed in one end of a horizontally-oriented 2.75-m- (9-ft-) diameter vacuum
chamber located in Building 4205 at NASA Marshall Space Flight Center. The beam dump is
installed to protect one of the endcaps of this cylindrical chamber (fig. 3). The thruster under
test 1s typically installed at the opposite end of the chamber in a horizontal orientation with the
thruster exhaust directed towards the end where the beam dump is installed. This position places
the direction of thrust perpendicular to the weight of the thruster, minimizing any coupling
between those two forces during testing. It also allows for plasma measurements and imaging of
the thruster in both the axial and transverse directions. Finally, the thruster plume can expand
and move away from the thruster more freely along the axis of the vacuum chamber, reducing
any reflection of plasma back towards the thruster and permitting more accurate thruster plume
measurements.
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Figure 3. Photograph of the 2.75-m- (9-ft-) diameter vacuum chamber as the beam
dump was being installed.

2.3 Design of lodine Beam Dump Shields

The beam dump is designed with a center shield section and an outer shield section. The
center shield section is angled such that any incoming particles that are not captured will reflect
outward away from the chamber centerline. The outer shield section is angled to reflect particles
inward such that they will cross the centerline of the chamber well before they make their way
back to the thruster under test. Since the center of a plasma thruster beam is expected to contain
amajority of the energy, the center section of the beam dump will be subjected to the greatest
energy fluxes. A circular cutout in the design provides visual access via a vacuum chamber opti-
cal flange (fig. 4). The inner shield slightly overlaps with the outer shield when the beam dump is
viewed in the axial direction, providing a complete line-of-sight protection of the vacuum chamber
end-cap. The octagonal shape was chosen as the most simple to assemble using flat panel sections
while still providing almost total protection of the vacuum chamber surfaces behind the beam
dump.
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Figure 4. IBD assembly drawings showing inner and outer ‘shield’ sections.

2.3.1 Tubing and Extrusions

The beam dump is designed to be cooled by two separate Maxcool recirculating cryochillers.
The refrigeration tubing is laid out in two independent flow paths, with the length of each path on
the beam dump measuring approximately 26.5 m (87 ft) long and connected to its own cryochiller.
As seen in figure 5, the refrigeration tubing is configured in an interwoven pattern with each circuit
providing cooling to both the inner and outer shields, making it possible for the entire beam dump
to be cooled by only one cryochiller.
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Figure 5. Mapping of the dual independent flow loops, each approximately
26.5 m (87 ft) long.

The tubing must maintain good thermal contact with the cryosurfaces at all times to keep
the beam dump chilled during thruster operation. Welding of the tubing to the flat surfaces was
considered but rejected. Aluminum is very effective at wicking heat away from the weld zone
and the potential existed to burn through the tubing during the welding process. An alternative
mechanical fastening technique was used instead in the IBD. Off-the-shelf aluminum extrusions
that are designed to snap into place over tubing and distribute the cooling over a larger surface area
were used to couple the tubing to the cryosurface. In this way, only seam welds between adjacent
facets of each shield section and butt welds in the tubing itself were required.

Standard 80/20 aluminum extrusions were used to construct the primary support struc-
ture for the shield sections. This allows for flexibility in design and configuration and also permits
multiple mounting options for instrumentation or other in-chamber instruments as testing requires.
Raw materials were cut to fit using a water jet, allowing for highly predictable assembly.

Initially, it was speculated that computer numerical control tube bending could deliver the
complex bends required for the assembly. However, it was determined that the required compound



bends could not be performed by machine, so they were instead accomplished by hand. This task repre-
sented the most labor-intensive element of the fabrication process; the detailed craftsmanship required of
the technicians to produce a high-quality final product cannot be overstated.

Aluminum tubing sections were butt-welded to form the cooling circuits. The butt welds were
minimized by using whole 6.1-m (20-ft) sections of tubing, which were typically long enough to
produce multiple passes on a shield section. The design of tubing paths and bends were such that two
identical parallel flow loops were fabricated and laid onto the shield.



3. IODINE BEAM DUMP FABRICATION, ASSEMBLY, AND INSTALLATION

3.1 Fabrication and Assembly

Aluminum sheet metal measuring 0.318 cm (0.125 in) thick was used for both the inner and
outer shields. Sheets were cut to yield 16 individual pieces (8 pieces each for inner and outer shield
sections) using a water jet. The sheet metal pieces were then seam-welded to form the inner and outer
shields (fig. 6).

Quter Shield

Figure 6. Inner and outer aluminum shield sections after being welded.



3.1.1 Extrusions

Snap-on aluminum extrusions measuring 1.2 m (48 in) long were used to couple the
refrigerant-filled aluminum tubing to the shield surfaces. The ends of the extrusions were cut
using the water jet such that they possessed the correct angles and lengths to match the width of
the sheet metal shield sections (fig. 7). The extrusions were match-drilled and riveted in place on
the aluminum sheet metal shield sections (fig. 8) using a predefined spacing schedule. Minor modi-
fications were made to individual extrusion sections as needed to compensate for imperfections
and nonregular tubing bends and welds.

Figure 8. Tubing bent and installed in extruded channels.
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3.1.2 Tubing

The aluminum tubing was terminated using stainless steel-to-aluminum, bi-metallic transi-
tion joints (figs. 9 and 10) to facilitate interfacing with an all-stainless steel vacuum chamber feed-
through. Each shield section flow loop was proof tested to 1,000 psig prior to integrating both
shield sections together. The full beam dump was again proof tested as a unit to 1,000 psig prior
to installation in the vacuum chamber.

, 73 Aluminum & Stainless Steel

Figure 9. Aluminum (left part) to stainless steel (right part) explosively
welded transition joint.

Figure 10. In-chamber tube terminations. Aluminum/stainless steel transition
joints circled, face-sealing metal-to-metal stainless steel mechanical
fittings in squares.
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The off-the-shelf, snap-on aluminum extrusions were used to distribute the cooling over
alarger surface area and facilitate a connection between the aluminum refrigeration tubing and
the cryosurface (figs. 11 and 12). In this way, only seam welds between adjacent facets of each
shield section and butt welds in the tubing itself were required.

Figure 12. View of tubing installed on outer shield section of beam dump.
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The stainless steel tubing sections comprise the final connections between the beam dump
tubing and the vacuum chamber feed-through. These tubing sections employ mechanical, metal-to-
metal, flat disk-style, face seal fittings (Swagelok VCR®, Solon, OH) to allow for disconnecting of
the system in the event that modifications are required in the future (fig. 13). Outside the vacuum
chamber, insulated copper tubing connects the feed-through flange and the refrigeration unit.
These lengths utilize metal-to-metal, O-ring style fittings (Parker UltraSeal®, Cleveland, OH) to
mate with the factory-installed terminations on the refrigeration unit. After assembly and installa-
tion, a helium leak check was performed on the entire tubing system.

\\k

Figure 13. Chamber internal mounting bracket with fiberglass thermal
insulation blocking.

%
£ 4

3.2 Installation

The vacuum chamber is equipped with heavy stainless steel angles welded along its length in
four quadrants: NE, SE, SW, and NW when looking at the chamber end-on. These angles have tapped
holes along their length that were used to physically support the weight of the beam dump via interme-
diate angle brackets. The brackets were thermally insulated from the chamber structure using 1.27-cm-
(0.5-1n-) thick, G-10 fiberglass blocking. All stated interfaces were cut with adjustability in mind to
compensate for any out-of-round or as-built fabrication deviations.

13



3.2.1 GRAFOIL Sheeting

GRAFOIL sheeting was cut using a water jet in shapes that mated to each octant of each
shield with approximately 2 inches of overlap beyond weld seams. These sheets were then fastened
to the shield sections using battens to distribute support (figs. 14 and 15). The sheeting was sand-
wiched between the bracket and the chamber-mounted angle and also between the bracket and the
80-20 beam dump structure. Both the GRAFOIL and the battens are considered to be consumable
and are fastened from one side of the beam dump using tapped holes in the shield. This allows the
GRAFOIL to be replaced using simple tools at regular intervals as needed.

Figure 14. Beam dump shields: (a) Without GRAFOIL and with
GRAFOIL installed on center section.

Figure 15. Beam dump in vacuum chamber with GRAFOIL
completely installed.
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3.2.2 Cooling Line Transitions and Vacuum Feed-Throughs

The chamber feed-through is specially designed to minimize heat transfer between the bulk
vacuum chamber mass and the refrigerant. This is accomplished by emulating the construction of
a vacuum-jacketed line. The thermal conduction pathway is a 2-inch-diameter tube welded to the
refrigeration tube well away from the flange. This configuration has a very small cross-sectional
area and a relatively long length that effectively acts as an insulator or stand-off between the refrig-
eration tubing and the chamber feed-through (fig. 16).

Figure 16. Flange cross section showing vacuum (dotted region at left).
Arrows show the parasitic cooling of the vacuum chamber flange,
with this cooling minimized by conduction-limited pathway.

15



4. CHECKOUT TESTING AND RESULTS

To demonstrate the operation of the system, a test run was performed with multiple ther-
mocouples (TCs) attached to the locations shown in figure 17. The vacuum chamber was evacu-
ated to <107 torr pressure levels before the beam dump cooling cycle was started (1=0). The liquid
exiting the refrigeration system is below —100 °C. The temperature on all four TCs (fig. 18) drops
quickly when cooling is applied, with the inner two (TCI and TC2) dropping fastest and to the low-
est steady-state levels of approximately —100 °C. This result can be understood since the thermally-
conductive pathways from the inner section to the vacuum chamber wall are limited. In contrast,
the outer surfaces have a larger conductive pathway to the warmer chamber wall.

Figure 17. Beam dump image showing the location of four TCs used to measure
the temperature at these locations as a function of time during one
IBD cooldown cycle.

16
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Figure 18. Thermocouple-measured temperatures on the IBD during one
cooldown/warmup cycle. At ~17,000 s, the refrigeration unit was
switched from refrigerant cooling to heating mode.

The radiative pathways from the inner sections to the chamber wall are also somewhat
obscured by the outer sections, while the outer sections have a much wider view of the warmer
chamber wall. It should be noted that because the TCs are separated from the cooling fluid by mul-
tiple sections of panel and GRAFOIL, the temperatures measured by the TCs are not the tempera-
tures of the cooling fluid or even the tubing on the backside of the panels, which during cooldown
will be even colder than the TCs. At roughly 1=17,000 s, the refrigeration unit was switched into
‘warmup’ mode, pumping heated fluid into the cooling circuit to quickly bring the IBD back to
room temperature (a task that would take significantly longer relying strictly on parasitic heating
of the beam dump by the ambient environment).

17



5. CONCLUSIONS

The iodine beam dump was successfully installed in the vacuum chamber in the summer
of 2014 (fig. 19). In checkout testing, the refrigeration system demonstrated the capability to cool
the beam dump to a temperature below —100 °C. While the IBD has been specifically designed to
accomplish iodine-fed HET testing, the use of low sputter yield GRAFOIL on the beam dump
surfaces allows the IBD to protect the chamber from high-speed exhaust ions emitted during the
testing of any type of electric thruster. Finally, within a given operational range, the cooled IBD
can capture and ‘pump’ other condensable propellants that might be tested in this facility.

Figure 19. Todine beam dump installed at chamber end showing
backside, refrigerant tubing.

18



REFERENCES

. Szabo, J.; Pote, B.; Paintal, S.; et al.: “Performance Evaluation of an Iodine-Vapor Hall
Thruster,” J. Propul. Power, Vol. 28, No. 4, pp. 848-857, <http://dx.doi.org/10.2514/1.B34291>,
July-August 2012.

. Dankanich, JW.; Polzin, K.A.; Calvert, D.; and Kamhawi, H.: “The Iodine Satellite iISAT) Hall
Thruster Demonstration Mission Concept and Development,” Conference Paper, AIAA Paper
2014-3910, 50th ATAA/ASME/SAE/ASEE Joint Propulsion Conference, Cleveland, OH, 13 pp.,
July 28-30, 2014.

. Honig, R.E.: “Vapor Pressure Data for the Solid and Liquid Elements,” RCA Rev., Vol. 23,
pp. 567-586, 1962.

. Honig, R.E.; and Kramer, D.A., Eds.: “Vapor Pressure Data for the Solid and Liquid Elements,”
RCA Rev., Vol. 30, pp. 285-305, 1969.

. Williams, J.D.; Johnson, M.L.; and Williams, D.D.: “Differential Sputtering Behavior of Pyro-
lytic Graphite and Carbon-Carbon Composite Under Xenon Bombardment,” Conference Paper,
ATAA Paper 2004-3788, 40th AIAA/ASME/SAE/ASEE Joint Propulsion Conference, Fort
Lauderdale, FL, <http://dx.doi.org/10.2514/6.2004-3788>, July 11-14, 2004.

19



REPORT DOCUMENTATION PAGE o

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining
the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operation and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302.
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid
OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
01-03-2017 Technical Memorandum
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Iodine Beam Dump Design and Fabrication 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

K.A. Polzin and D.E. Bradley* Se. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
. REPORT NUMBER
George C. Marshall Space Flight Center
Huntsville, AL 35812 M-1423
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITOR’S ACRONYM(S)
National Aeronautics and Space Administration NASA
Washington, DC 205460001 11. SPONSORING/MONITORING REPORT NUMBER

NASA/TM—2017-218232

12. DISTRIBUTION/AVAILABILITY STATEMENT
Unclassified-Unlimited
Subject Category 14
Availability: NASA STI Information Desk (757-864-9658)

13. SUPPLEMENTARY NOTES
Prepared by the Propulsion Systems Department, Engineering Directorate
*Yetispace, Inc., Huntsville, AL

14. ABSTRACT

The design and fabrication details for an iodine beam dump used to support the testing of iodine-fed Hall effect thrusters are described. The beam
dump serves the dual purposes of pumping the gaseous iodine by condensing it on cooled surfaces in the same manner that a cryopump operates
and protecting the vacuum chamber in which it is installed from plasma ion sputter damage. The surfaces of the beam dump are chilled by flowing
recirculated liquid coolant through a circuit of tubes that are mechanically attached to the beam dump panels. The liquid exits the refrigeration
system below —100 °C, quickly reducing the temperature of the panels inside the vacuum chamber by thermal conduction across the mechanical
attachments. Two circuits were installed on the beam dump to accommodate a second refrigeration unit, which could be procured and installed
at a later date for minimal additional cost, doubling the cooling capacity of the system from 4 to 8 kW. Low sputter yield GRAFOIL sheets are
installed on the sides of the panels facing the plasma source. These GRAFOIL sheets, composed primarily of graphite, have a low sputter yield
making them a particularly good candidate for protecting the beam dump aluminum panels. The iodine beam dump is presently installed and
operates as designed, cryopumping iodine vapor and protecting chamber surfaces from plasma sputtering.
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