Ed

REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Pubiic reporting burden fq this callection 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 this 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, Washinglon Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Adington, VA 22202-

4302. Respondents should be aware that notwithstanding any other provision of faw, no person shall be subj

valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

ject to any penalty for failing to comply with a collection of information if it does not display a currently

1. REPORT DATE (DD-MM-YYYY) 2. REPORTTYPE
Technical Paper

3. DATES COVERED (From - 70)
_ See Attached List

4. TITLE AND SUBTITLE

See Attached List

5a. CONTRACT NUMBER
N/A

5b. GRANT NUMBER
N/A

§c. PROGRAM ELEMENT NUMBER
N/A

6. AUTHOR(S)

See Attached List

§d. PROJECT NUMBER
N/A

Se. TASK NUMBER
N/A

5f. WORK UNIT NUMBER
N/A

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
See Attached List

8. PERFORMING ORGANIZATION REPORT
NUMBER

N/A

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)
Kristi Laug

AFRL/PROP

1950 Fifth Street

Wright-Patterson AFB OH 45433

937-255-3362

10. SPONSOR/MONITOR’S ACRONYM(S)

N/A

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

N/A

12. DISTRIBUTION / AVAILABILITY STATEMENT

Distribution Statement A: Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES
N/A

.| 14, ABSTRACT

120030113 090

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
UNCLASSIFIED OF ABSTRACT OF PAGES Kristi Laug
a. REPORT b. ABSTRACT c. THIS PAGE Unlimited See 19b. TELEPHONE NUMBER (include area
. . : code) .
Distribution Iﬁzziched 937-255-3362

Standard Form 298 (Rev. 8-98)
Prescribed by ANS! Std. 239.18




I8 ‘ sneT o Sy - SEFELE RN [e)
€C ¥661 ¥ AeN . SSWIOH Y [PeYOTA - BRI BRI DU
41 S661 BNEY 3 (ST SSWOH "o [9EYorl . S5UBIoN3
£ Jo1enUs0U0) UG SdUBILIONSG 1920y Jeundy] ~rejog Jo ssuapuadaQg
6C £661 11 g4 SSUWOH Y [9eUdIN uoneuuou] Jojenuasuo) SYAADVI0) 1d
€1 8Ne7] 3 NSy aysuiserg -y 10)ENUIDIUOY) JE[0S € JO ApMIS USIsa(] [emdasuo)y
T SIOCIA] (d SOWER[ ‘MO0 'y [Neg UOIS[fido1g [etiIany
. : 12]0510] J0Je1U22U0)3pIUNA 04 & Jo asuodsay] ay3 Jo uondIpaly
s L3861 "¢1 3Ny 19P[H prae( uoplon SI8ZIpIXQ pue
sjuejadol 3oxo0yjo uoisindxy pue Aujiqeiolg ua], Suo sy
9 7661 MOIBID Y [NEJ UO0IAE|) o WeT[[I/} UOIS[NOIJ [CWSI[], J8]0S 10J SI01enuIouo,) sjqeieju]
8 100N (] Sauwief UoIS[ndog [euanay,
‘Uolke[D) Y WIBI[IM ‘MOIaLD) 'Y [ned Je[0g 10] J0JeUIIUO0Y) IPIUIK[OJ & JO asuodsay] ayl Jo uonoIpald
01 SSWOH f ‘N ‘Uoixed ‘d T UoIS[ndoJ [ewiiayy,
J1e[0g 10} 10]2XJU30U0)) 3[qRIR[JU] UB JO UOHEN[EAY SOUBWLIONO V
L SSWOH o [22qoIA UoTS[Ndold jewayg ]
J1B|0g 10] SI0)eXUIdUOCY) plojoqeled SIXY-JJO JO 9OUBULIONIA [BaP[
01 O[ATI)) "\ SIle[ "UOI[CAR ) SEUWOUL SUITDIUTSUH SS3501J PUE [ELISJERY JO JUSWISOUBAPY ay3 JOJ AJ9190S
01 $661 SEWOY L, [[PYNIA 2081[eq Ny SIoJeNuUa5uo0,)
: S]qejeu] paueasun pue palieag JO OUBLLIONAJ 9y} Jo uosuedwo)) v
1 G661 BHET 3] NS SO o [9CUDTIA U0
J10J21JUIOUO0)) UO IDUBLLLIONIS I9400Y [euLay ] -1ejos Jo aouapusda(]
6 $861 Udley SeqOineN "I'D "qdPS 0D . _ SORIANOY 19300y [BULIdY L -1e]0S TV
9 1661 [ESA UOPIOD) 'SEUIOY], [[OUHIN SI0JeIUROUO)) PIojoqeIeq S[qeIe[Ju] JO SoNsSIiajoele] ) Sul[eos
L 1661 MO 'Y [ieq - suonesddy
e - - - e .. UOIS[RdOI] [EWWISY ], JEOS JOJ SIOJRNUDIUCY) WL UL, JO UOLEOLIqR,
8 09661 uouue)) "N piaeq Joise] A deaq JIOJENIUITUOL) JE[0S Sols0jouyda],
: SUS ue 0] pado[aAd( 21MONNS SSTUL, PIZIPISTY paje[juf WIeo{
0L €661 "9C AON 8N 3 G5 AlOJEIOqET
. : | SONBUONSY Y} I¥ [[oM PUB 3A1jY Si 1deouo)) uoisindoid 1vjog oy,
1< 0661 01 sny ZUnH pleqory SINSAY Jo HOAIY Pag IS JSI( SnoI0q
1T — 0661 — Sne] 3 Sy USIS3( SIUSWIISAX, uoIS[ndoig [eulag ] Je[og
L Jo1Xeq °f uely "sney 3 NS 19]SWIIO[E)) JE[0S € Ul 951 10] SI9JEAN SpIqie)-Wiiujel] JO UONen|eAs
6C €661 'S1 19q0100 JoBUE(IXT J69H/39I05qV
SSWOH Y [ORYOIA  SNO104 & SUlS() 19ISTUY Y, [EULISY]-IR[OS © JO [9POJA] [RUOISUSIUI( U
1 SIUOT " [ieq "O[[1ise,) "D OSUNuog SINSTABISOUIDY | € SUISH SISJEAN Jpigqie )-UINIue] JO SaIpnig
L He[eD) 3dUBIS, SUDY[H STARI], "ApNIS S[OIYaA JSJSURI], JIGI0) o[qestioy ASo[ouyos], UorSndoIg-[enc]
S WENLIISI A\ O WS
SOWOH Y [2eyoLN ‘Sne Y usuy JUSWISSISSY Ateuiundid v
) ‘suoneorjddy uoissi :1dasuo)) wivlsAg jepoN-Ig JejoS |
T 0661 9Ny ASTT T e A[Eay 03 3d9oud)) Wol) uors[ndolq [ewiay], Jejos
74 TS AT qdps D0
SHOVd SHLvVd

, SYOHLNYV d1LLL




Solar Engineering

ASME 1991

FABRICATION OF THIN FILM CONCENTRATORS .
FOR SOLAR THERMAL PROPULSION APPLICATIONS -

, Pad‘l A. Gierow
. SRS Technologies -
Huntsville, Alabama

Abstract

Development of Solar Powered Rocket Engine sys-
tems depends heavily on demonstrating the technol-
ogy for lightweight space-deployable solar concentra-
tors. Large elliptically-shaped thin film reflectors can
be packaged with other solar-powered propulsion
elements and deployed in low earth orbit. A significant
stepindemonstrating the feasibility of fabricating large
lightweight deployable concentrators has been ac-
complished. Thin film casting and coating techniques
for fabricating thin film concentrators have been dem-
onstrated. These techniques have significant promise
for extrapolation to large highly accurate concentra-
tors. The concentrators achieve a low weight/area
ratio and high concentration.ratio by utilization of spin
casting and subsequent creep and/or relaxation form-
ing processes. These processes use newly developed
polyimide materials supplied by Langley Research
Center (LaRC).

This paper will summarize continuing research to
develop methods to fabricate parabolic thin film
membranes. The research has included selecting
candidate thin film materials through a materials test-
ing and evaluation program. Reflector fabrication and
forming techniques were evaluated. Analytical mod-
els to represent forming techniques were developed.
Thin film polyimide membranes using the selected
techniques were fabricated. The facilities and equip-
ment for constructing the spin cast concentrators are
also presented.

Introduction

Providing lightweight, highly accurate reflectors for
space applications has been a goal of researchers for
many years. Thin film reflecting material formed to a
precise curvature has the advantages of weight, cost,
and packaging. Lightweight large reflectors have
many current and future space-related applications.
Solar thermal propulsion, Solar dynamics systems,
lunar soil processing, and large RF and microwave
antennas are good examples. The use of newly-devel-
oped thin filmpolyimides to fabricate large reflectors
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canbe appliedto meetthe needs of the space-related

applications.

A solar thermal propulsion system with inflatable solar
concentrators was originally described by Eriche in
1956 (ref.1). This concept was further defined by
Electro-Optical Systems, Inc. (ref.2) during the 1960’s
and by Rockwell International (ref.3) in 1979. The
Solar Powered Rocket Engine is expected to produce
specificimpulses of 900 to 1200 seconds. This is over
two to three times that of conventionalliquid hydrogern/
oxygen engines. This performance would significantly
improve travel from low earth orbit to geostationary
earth orbit and other planets. ‘

Based on past study results, the solar thermal propul-
sion concept (STPC) currently requires the use of two
large, highly accurate inflatable concentrators. The
concentrators are portions of a large paraboloid of
revolution about the vehicle as showninFigure 1. The
shape of the concentrators is an off-axis, clam-shell-
like shape. The feasibility of STPC depends of the de-
velopment of a technique to fabricate, package, and
deploy large, highly accurate thin film concentrators.

Constructing concentrators by seaming flat curved
shape sheets together has been a relatively unsuc-
cessful method for manufacturing accurate parabolic
shapes. Typically, large inflation pressures are
needed to remove the seam distortions and overall
reflectorinaccuracies due tothe seaming methods. An
alternative method investigated was to creep form
seamed Kapton sheets into doubly curved off-axis
parabolic shapes. The Kapton films are only available
in widths much smaller than the end item reflectors
that are desired. The material propetrties of the polyim-
ides also vary in machine direction and with. film
thickness. The disadvantages of creep forming “off-
the-shelf” polymer films led to investigating and devel-
oping techniques for constructing reflectors using
polymer films developed by NASA Langley Research
Center (LaRC) for space applications.

Athinfilmtest apparatus was designed and fabricated
fo evaluate candidate thin film materials. Extensive
uniaxial and limited biaxial testing of candidate film
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materials properties was performed, and the resulting
data was analyzed and compiled in a design hand-
book. Studies concerning specific refinement proce-
dures for solar. concentrator fabrication processes
were conducted. This involved relating the data accu-
mulated in the materials testing to the design of con-
centrator models constructed.

An analytical model for the membrane creep forming
process was developed and utilized for the effort. It
was initially intended to predict the temperature distri-
butions of a forming oven during the pressure creep
forming process. The capability of describing and
monitoring other film curvature forming processeswas
included in the model as additional concentrator
manufacturing processes developed. Physical mod-
els were built and design studies were performed to
delineate problem areas in the design and fabrication
of the concentrators. A creep formed spin cast on-axis
reflector model was successfully constructed and
tested. An off-axis mandrel cast reflector model was
also constructed using the spin cast technologies.

Evaluation of Thin Film Polyimides

Candidate thin film polyimides were evaluated and
selected for use in the fabrication of doubly curved
reflectors. The reflector fabrication methods used
depends primarily onthe material properties of the thin
films. The behavior of the thin film materials during the
reflector forming and recovery process, as well as the
long term film stability, is of importance. The forming
processes are typically done at elevatedtemperatures
between 100 and 300°C. Material properties at these
elevated temperatures for commercially available
films are not published and not known for the LaRC

Flgufe 1. A Solar Thermal Propulsion Unit
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polyimides. A material test apparatus was designed
and fabricated in order to test and characterize the
polyimide materials. The test apparatus is used to
simulate the forming processes with the candidate thin
film materials.

Material Test Apparatus Description

The test apparatus that was designed and fabricated
is shown in Figure 2. The test apparatus includes the
necessary design features for testing the thin films.
The test apparatus has many attributes which are
used to test the polyimide materials used for the
construction of the membranes.

The polyimide testing systemis comprised of a testing
machine, temperature chamber, and data logging/
processing system. The testing system is capable of
performing materials characterization tests such as:

« Relaxation/Recovery

* Creep

« Constant Strain Rate

» Modulus of Elasticity

» Thermal Expansion

« Cylinder Pressurization (Biaxial) Tests
A data acquisition system includes a Macintosh i
which collects and stores data from severalinstrumen-
tation devices. The instrumentation devices indicate
the testing parameters such as oven temperature,
load, pressure and strain of the material during the
test. Atemperature chamber is available for determin-
ing the thermal expansion/contraction coefficient. The
temperature chamber can also be used for investigat-
ing the recovery of residual stresses due to the manu-
facturing process of the thin films. The amount of
recovery is an important property that can be deter-
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indicates thatthe mate-
rial has no permanent
deformation under
similar loading condi-
tions which yield a per-
manent set for .5 mil
Kapton material. Re-
laxation tests also indi-
cated that the 1 mil
Kapton material was
not suited for relaxation
“forming because of the
lack of stress relaxation
and a large recovery of

Figure 2. The Material Test Apparatus

mined and quantified experimentally with the thin film
test apparatus. The complete forming processing
steps can be simulated on atest sample using the test
apparatus. The tests can indicate the best forming
method that results in a film that is the most stable
following the process. The material properties deter-
mined by the test apparatus are also necessary in
constructing analytical models of the forming tech-
niques.

Polyimide Materials Test Results

The initial testing of materials was limited to commer-
cially available films. Kapton Type H, Upilex R and S,
and Apical polyimide films were evaluated at the creep
forming temperatures. The purpose ofthetestswasto
fully characterize the thin films at the creep forming
temperatures. The test results would then be supplied
to an analytical model to predict the temperature
variations needed in a forming oven to produce the
desired parabolic shape. The undesirable test results
of the commercially available films led to the investiga-
tion of LaRC polyimides.

Kapton Test Results ‘

Kapton's deformation was defined to be “creep like”
because a time-dependent strain occurs around
300°C. Atypical creep curve of .5 mil Kaptonis shown
in Figure 3. Kapton also has different recovery prop-
erties in the rolled and transverse machine direction
because of the manufacturing processes. The direc-
tional properties cause problems when creep forming
the materials into parabolic shapes. Uniaxial creep
and relaxationtests were performed using Kaptonwith
thicknesses of .5 and 1 mil. The results of the tests
indicate that there are dramatic differences in .5 mil
and 1 mil Kapton with respect to creep forming the
material. Figure 4 indicates creep of 1 mil Kapton ata
constant load and an elevated forming temperature.
The maximum creep strain of the material during the
test was léss than two percent. The final strain follow-
ing recovery was nearly zero percent. The graph
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the deformation upon
releasing the material.
By contrast, the .5 mil material relaxed and did not
recover as much strain, resultingin the desired perma-
nent set. The test results raised many questions with
regard to the material properties of Kapton atthe creep
forming temperatures. Material processing differ-
ences during manufacturing account for the varying
material properties forthe .5 and 1 mil Kapton. The test
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0.04 l’ ]
/‘/1 | Recover
0.03 !
Strain |
(in/in) ([Creep
0.02 t—! Final Strain §
|Load ] g
0.01 KAPTON 0.5 mil [ §
Insert Transverse 3
into Oven Creep g
0.00 1 i i t 8
-1000 0 1000 2000 3000 4000
Time in Seconds
Figure 3.
0.020
/1 |
0.015
Strain .
{In/in) KAPTON
0.010 } 1 mil Cree N é'
% sl
0.005 %
" &
Final Strain = approximately O%JL 8
0.000 — ! I —y— 2
’ -1000 0 1000 2000 3000 4000
Time in Seconds

Figure 4.




results indicated that the Kapton forming properties
vary with material thicknesses and manufacturing
direction. These test results are detrimental when
forming flat sheets into doubly curved shapes. Similar
material properties of Apical and Upilex led to the
investigation of newly-developed polyimides.

LaRC Polyimlide Materlals

. The family of materials developed by LaRC include
both heat imidized and chemically imidized polyimide.

films (ref.4). The chemically imidized is reversible; it
can be redissolved and used again. Further, since the
materials may be obtained in solution and then cured,
any sizefthickness film may be produced without
seams. A spin casting technique has been used to
manufacture the filmin the laboratory. The film size is
only limited by the size of the spin table and facility
equipment.

An LaRC material used is powdered polyimide
BTDA+4,4'ODA and DMAC solvent. The film is heat
imidized and must be cured at temperatures around
300°C. The film acts as athermoplasticin nature atthe
elevated forming temperatures. Another polyimide
used is 6F+BDAF polyimide made by LaRC. This film
is chemically imidized and does not require heat
imidizing. This film is reversible and can be redis-
solved with the solvent and reused. Alternative low
coefficient of thermal expansion materials are cur-
rently under investigation at LaRC. These improved
polyimides may be selected for evaluation as the
materials are further developed and improved.

The creep forming process of Kaptonis quite different
than the thermoplastic forming nature of the spin cast
polyimides. The spin cast material is defined to be
“thermoplastic in nature” because at a temperature of
250°C the material deforms plastically with no time
dependent strain. The spin cast films also do not have
the directional material variances because they are
cast and cured in a circular fashion. Inthe spin casting
process, the thickness of the filmis varied by varying
the viscosity of the solution used (ref.5). The surface
smoothness, the characteristic that controls the
achievable specularity of the reflector, is controlled by
the substrate surface quality upon which the film is
cast and the film stress provided while in the opera-
tional configuration.

Analytical Modeling

The objective of the analytical modeling was to de-
velop, adapt, and refine an analytical model of the
membrane creep forming process. The model was
developed to enable forming parameters to be evalu-
atedto define a process for manufacturing concentra-
tors using the temperature profiled controlled uniform

. pressure creep forming process. As the project pro-
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ceeded, the objective and the analytical model capa-
bility evolved to include description and monitoring of
other variations of curvature forming processes such
as mandrel controlled relaxation forming of polyim-
ides.

Major milestones accomplished as a result of the
modeling effortinclude; an extensive literature survey
related to thin films, a review of software applicable to
analysis of thin film structures, development of a pre/
post-processor, data reduction techniques for incor-
porating test data into the numerical model, and finite
element model development and verification. In addi-
tion to model development, techniques, and guide-
lines for numerically efficient implementation have
been formulated.

The commercially available finite element code
ABAQUS was used for the modeling effort. The capa-
bilities of the finite element modeling were quantified
for several aspects of the analysis required to support
the development of thin film solar concentrators. Pro-
cedures, techniques, and guidelines were established
for various aspects of modeling thin film membranes.
It was demonstrated that ABAQUS could accurately
incorporate geometric nonlinearity and viscoelastic
material behaviorinto analysis of thin film membranes
subjected to a variety of thermal and loading condi-
tions.

The studies that were conducted have shown that
ABAQUS modeling can be used as a powerful tool for
analyzing reflector forming or other aspects of thin film
reflector design. The modeling techniques have been
refinedtothe point of being applicable to actual design
problems. Additional finite element modeling is
planned to model the emerging forming procedures
developed for the spin cast polyimides.

‘Reflector Forming Methods

Ideally athinfilm concentrator would be constructedto
adesired shape without any seams or discontinuities.
Large thin film reflectors constructed from flat stock
material would require seaming because film mateni-
als are typically only available in widths less than 2
meters. Any double curving of the stock film must be
achieved by processing, such as creep forming.
Gores, flat or doubly curved, must then be assembled
to form a large area reflector. Assembly control of all
the stresses at the seam is difficult. Even if a com-
pletely stress-free, wrinkle-free, seamis achieved, the
reflector is no longer homogeneous across the sur-
face. When a stabilizing force is applied to hold or
further shape the reflector this non-homogenity tends
to result in flats or scalloped across the reflector, a




major source of figure error. For this reason, reflector-
forming methods using spin cast polyimides were de-

veloped. Casting processes can be used that would Casting and Forming Hardware
only result i mold lines when fabricating large 20 The equipment required for the spin casting and heat
meter concentrators. ' curing of the polyimide, which are presently available,

, . ~areaspintable,cleanroom, and heat curingoven. The
There are avariety of methods thatcanbe usedtoform facility and equipment are shown in Figure 6. The
parabolic membranes with the cast polyimides. Sev- equipment resides in a high bay facilty and: is
eral of thetechniques have beenusedinpast research presently being enlarged to cast up to 9-meter diam-
efforts to form Kapton Type H into off-axis parabolic eter one-piece membranes. The spin table shown in
shapes. Free forming of the membranes has been Figure 7 is currently used to cast films up to 2 meters
done successfully with the heat imidized polyimide in diameter. The spin table has been used to cast the
material. Casting over doubly curved mandrels has films flat as well as casting on off-axis and symmetrical
also been successful with the LaRC provided materi- mandrels.
als. Figure 5 depicts the free forming of the heat cured :
polyimide in the forming oven. The free forming of The spintable is enclosed in a clean room to minimize
materials typically forms to a spherical shape with de- dust particles that collect during the film casting proc-
viations toward the outside boundary conditions of the ess. The clean roomincorporates a positive flow envi-
. ronment control method.
The casting of the film re-
quires low humidity which
4 can be achieved with the
1 ventilation system. A posi-
4 tive flow system keeps the
§ concentrations of the
evaporating fumes well be-
low safety standards forthe
off-gassing of solvent
FONENENG fumes. The insulated cur-
Support Frame ing oven is convective and
radiant heated. The oven
temperature can be con-
trolled to 320°C. The oven
includes a door .opening
: and sliding track system to
interface curing and form-
Figure 5. ing table.
Free Forming of Heat Cured Polyimide in the Forming Oven

The current casting equip-
support frame. The nature of the polyimide does not ment is being enlarged to cast one piece thin polyim-
form well until above the 250°C temperature. This ides up to 9 metersin diameter. The increased casting
characteristic canbe used advantageously depending size will enable fabrication of large polyimide parabolic
on the forming methods used. - : shapes. The increased size of the equipment will

initially be used to fabricate large flat membranes to
Thin film casting and coating techniques using the refurbish a Heliostat located at the Astronautics Labo-
LaRC thinfilms has been demonstratedfor castingtwo ratory.
meter polyimide films. Methods for fabricating large
parabolic membranes are currently being refined. The Conclusion

most promising candidate forming processes, in add- The results of the research to date have led to fabrica-

tion to free forming, are relaxation forming over a s of spin cast, one piece, polyimide concentrators
mandrel, and direct film casting and removal from a without seams. Analytical models have also been de-
mandrel. These casting processes have significant  yeloped to evaluate forming operations. A material
promise for expansionto large.10-20 meterconcentra- test apparatus was also constructed that will support
tors. | ‘ continued refinement of polyimide casting materials.
Fabrication procedures have .also been developed
that will be extended to larger polyimide casting. The

349




Clean Room Enclosure e

Filter

Spln Drive Alignﬁ1ent
Mechanism Tracks

Spin Cast Table

Tracks Thermafiber
- Insulation

Instrumented Thermal
Control System

Figure 6. Clean Room with Spin Cast Table and Instrumented Thermal Control Systems('

Instrumented Thermal
Control System

Clean
1 Room §
Enclosure

Flgure 7.
Photograph of Clean Room with Spin Cast Table
and Instrumented Thermal Control Systems

large off-axis concentrators for the solar rocket
flight article test planned in the near future.

Additional studies should be done to develop
reflective surface support and tensioning tech-
nologies for future development. The current
tensioning method considered the most practi-
cal technology forinitial flight testing of the solar
thermalrocket deployment andrigidizationis the
inflation method. For long-term mission surviva-
bility goals to be met, in the face of concentrator
pressure window darkening and micromete-
oroid puncture leakage, itisimperative that afilm
support tensioning technology notrequiring con-
tinuous pressurization be developed. The sup-
port tensioning developed should be able to
meet the specific weight and concentration ratio
goals of the solar-powered rocket. Alternative
technology options such as electrostatic ten-
sioning, inflation deployed then rigidized, and
elastically deployed concentrators are candi-
date technologies that should be further re-
searched. All of these advanced technologies
would incorporate the spin cast methods that
have been developed under the current re-
search effort.
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