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ABSTRACT 

The focus of recent efforts at LLNL has been to demonstrate that vapor deposition 

processing is a suitable technique to form polyimide fnms with sufficient strength for current 

national ignition facility target specifications. Production of polyimide films with controlled 

stoichiometry was acccomplished by: 1) depositing a novel co-functional monomer and 2) 

matching the vapor pressure of each monomer in PMDA/ODA co-depositions. The sublimation 

and deposition rate for the monomers was determined over a range of temperatures. Polyimide 

films with thicknesses up to 30 p.m were fabricated. Composition, structure and strength were 

assessed using FTIR, SEM and biaxial burst testing. The best films had a tensile strength of 

approximately 100 MPa. A qualitative relationship between the stoichiometry and tensile strength 

of the film was demonstrated. Thin films (-3.5 ym) were typically smooth with an rms of 1.5 nm. 
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I. Introduction 

One current National Ignition Facility (NIF) target design calls for a 2-mm-diam. capsule 

with about a 150~pm-thick carbon-based ablator (wall). ’ For ignition experiments commencing in 

-2005, these capsules will be fielded at cryogenic temperatures with an 80 pm thick solid DT layer 

on the inner wall. At room temperature this amount of DT would produce a gas pressure of 360 

atm, which corresponds to an internal tensile (total circumferential and radial) stress of 120 MPa.2 

The current plasma polymer ablator materials3 do not have enough strength to hold this fill at room 

temperature. Thus, all handling of these capsules, from the time of the DT fill until the ignition 

experiment, must be conducted at cryogenic temperatures. This process is both extremely 

expensive and limiting with respect to fielding options. As originally proposed by Sanchez and 

Letts2, commercial polyimide films have tensile strengths in the range of 230-420 MPa, and hence, 

a polyimide ablator should have sufficient strength to hold the required DT fill. Compared to Be, 

another ablator option, polyimide shells offer the added advantages of: 1) being diffusion fillable, 

2) allowing optical access to frozen fuel layer and 3) permitting the possibility of solid DT layer 

enhancement by IR4 or joule heating.5 Also, recent calculations show that for DT ice layers with 

surface roughness of l-l.5 pm rms (typical for fi-layering),6 polyimide capsules will perform 

almost as well as Be capsules and much better than plasma polymer capsules with equivalent 

surface finishes.7 Thus, the focus of this research is to demonstrate capsule fabrication techniques 

using high strength polyimide materials. 

Before proceeding, let us briefly review some relevant aspects of polyimide chemistry. 

Polyimides (PI) have found numerous applications in aerospace and electronic components, and 

their success is due to excellent mechanical properties, low dielectric constant, superb thermal- 

oxidative stability and two-stage processing techniques. A number of reviews have been 

published*-” Polyimides are typically synthesized from the reaction of diamines and 

dianhydrides. As illustrated in Figure 1, pyromellitic dianhydride (PMDA) and 4,4’-oxydianiline 

(ODA) react in solution to form the poly(amic acid) precursor which is thermally converted to a 
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PMDA - 4,4’-ODA 

cast film lOO-3OOoC 
I 

+ 

Kapton 
n >> 100 

Figure 1. Traditional synthesis of polyimides 

poly(4,4’-oxydiphenylene pyromellitimide) film, also known as KaptonTM (a registered trademark 

of Du Pont Chemical Co.). Rigid/ semicrystalline polyimide films are typically formed from 

poly(amic acid) solutions by dispensing a coating and heating to 200-300°C. Controlling the 

molar ratio, r, of diamine and dianhydride is crucial to obtaining high molecular weight, WV, 

polymer. l2 

The tensile properties are of primary concern for a NIP target. The tensile strength of a 

polymer film depends on: 1) packing density of the polymer (chemical structure), 2) chain length 

and 3) microstructure and imperfections in the materials (microvoids and crystalline regions). The 

tensile strength,& of a polymer varies with molecular weight (MW) according to the equation: 

6 = A - B/(MW) 
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where A and B are constants dependent upon the nature of the polymer.‘3%‘4 Figure 2 depicts the 

effect of molecular weight on the tensile strength of KaptonTM.‘5v’6 The general features of this 

structure-property curve may also be applied to other rigid polyimides. Therefore, the data have 

been normalized with respect to the maximum predicted tensile strength for infinite molecular 

weight polymer (constant A) to allow comparison with other high strength polyimide formulations. 

As illustrated, a minimum molecular weight is required for a polymer to have any mechanical 

integrity or strength. For Kapton TM this value corresponds to approximately 10 Kg/mol. Note, the 

strength of polyimides reaches 80 % of the theoretical strength at a molecular weight of around 75 

Kg/mol, and the tensile strength drops off rapidly as molecular weight decreases below 50 

Kg/mol. Commercial Kapton TM has a tensile strength of 230 MPa, but the tensile strength for 

UpilexTM (Figure 3, a registered trademark of Ube Industries Ltd.) is 400 MPa.‘7*‘8 A NIP capsule 

allowing with a 200 % safety margin would have a tensile strength of about 60 % of the tensile 

strength for solution-casted UpilexTM. Using the KaptonTM molecular weight vs. strength curve, 

one can estimate that a polyimide based on the Upilex TM formulation should have a molecular 

weight of at least 35 Kg/mol, and therefore the variation in molar ratio must not exceeding 1 %. 

100 
5 
$ 80 

5 60 

0 50 100 150 200 
MW (Kg/mol) 

Figure 2. Percent theoretical strength of KaptonTM as a function of molecular weight _ 
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Figure 3. Chemical structure of UpilexTM 

Polyimide films have been produced using vapor deposition processing (VDP). In 1986, 

Salem et al. l9 at IBM vapor deposited ODA and PMDA. Depositions were carried out in a 

standard bell jar system equipped with two monomer evaporators, rate monitors for each 

evaporator and a mixing oven. After curing at 175°C and 3OO”C, Kapton-like films were obtained. 

Over the last 10 years, the formation of polyimide films via vapor deposition has been reported by 

a number of researchers.20-24 Most of this work has been directed at microelectronics applications 

with typical coating ranging from submicron to a few microns thick. All of this work was 

performed using a coating chamber in which the substrate is suspended at the top and the vapor 

sources are at the bottom. Unfortunately, the production of polyimide shells requires the reverse 

configuration. 

During the course of our work, Alfonso et al. 25 at University of Rochester’s Laboratory 

for Laser Energetics (LLE) reported some useful results using a VDP approach with PMDA and 

ODA. First, and perhaps most importantly, they have demonstrated that a two monomer system 

could be successfully coated onto plastic shell mandrels using a bounce pan technique. Further 

they have demonstrated that poly(a-methylstyrene), P&IS, capsules overcoated with PMDA/ODA 

could be thermally imidized at 3OOT to form polyimide shells with 10 pm thick walls; the 

underlying PaMS mandrel simultaneously decomposed to monomer vapo? which diffused _ 
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through the PMDA/ODA coating. In contrast to LLNL, LLE is interested in making targets for the 

Omega laser direct drive experiments, which require very thin shells, approximately 1 mm in 

diameter. For example, typical UR/LLE polyimide shells were 700-950 pm in diameter and 2-10 

pm thick.2j 

In what follows we will review our recent work at LLNL. In the next section, we will 

discuss our efforts control the stoichiometry by vapor depositing a single monomer which contains 

both the amine and anhydride moieties. FolIowing this we describe our progress with the dual 

monomer system which has focused on the PMDA/ODA formulation. Since a large database of 

information exists concerning KaptonTM, efforts have been focused on PMDA/ODA co-deposition 

to develop the VDP technique before switching to the high strength Upilex-STM formulation. The 

final section reviews our current status. 

II. Single (AB) monomer experiments 

AB monomers have both functional groups required to form a particular polymer. In the 

case of polyimides, AI3 monomers contain both an amine and anhydride moiety. Thus, good 

stoichiometry is assured, and theoretically, formation of high molecular weight polymer is 

possible. In 1988, Numata et al. 27 disclosed polyimide film formation via vapor deposition of AI3 

monomers. Following Numata’s example, we investigated three AB monomers, 3APA, 4APA 

and 4ANA, whose structures are shown in Figure 4. 

3APA 4APA 
3-aminophthalic 4-arninophthalic 

anhydride anhydride 

H2 

4ANA 
4aminonaphthalic 

anhydride 

Figure 4. Examples of AB monomers 
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A. Experimental Procedure 

These VDP experiments were performed using a modified sputtering vacuum system with 

14 by 9-m. cylindrical chamber equipped with a mechanical pump. A single monomer evaporator 

(a hollow cylinder, 2.25 by 3-in. high) was suspended approximately 5 cm above the substrate 

holder. Glass slides (2 by 3-in.) and KBr discs were typically used as substrates. In the vacuum 

system at -50 mTorr, 3APA was heated in the evaporator to 150°C and vapor deposited on a KBr 

disc forming a uniform, coating. The powdery coating was heated in air at 250°C for l/2 hour and 

converted to a yellow film, which was determined to be polyimide. 

B. Results and Discussion 

FI’IR was used to determine the structure of 3APA after heating and peak assignments 

were made according with Takekoshi2’ and Silverstein et ~1.~~ The initial coating was identical to 

the 3APA starting material and exhibited FTIR absorptions at 3375 & 3471 (amine N-H), 3228 (C- 

H), 1822 & 1770 (anhydride C=O), and 1249 cm-’ (amine C-N). Heating of the as-deposited, 

unreacted monomer coating resulted in obvious changes in the FTIR spectrum. The expected shift 

in C=O absorption peak from anhydride around 1820-1770 cm-’ to the in-ride at 1780-1720 cm-’ is 

observed along with the appearance of C-N imide peaks around 1350 and 1100 cm-’ and the 

respective loss in amine absorptions around 3500-3380 cm-‘. Significant amounts of poly(amic 

acid) are present after heating to 200°C as indicated by the C=O absorption at 1610 cm“. Upon 

continued heating at 25o”C, the intensity of the amic acid C=O (1610 cm“) and amine C-N (1260 

cm-‘) absorptions decreases. Hence, according to the FTIR data, the film from the thermal 

processing of 3APA was polyimide with significant amounts of residual poly(amic acid). 

The SEM photos of the 3APA coating before and after thermal processing are shown in 

Figure 5. The curing process resulted in over 90 % mass loss. The polyimide film formed was 

very smooth (0.6 nm rms by AFM), in contrast to the as-deposited film. Depositions of 4APA and 

4ANA were attempted under similar conditions. However, these experiments either resulted in no 

- coating or a scattered, powdery coating which did not form a film upon thermal treatment. 

7 



AFM, 0.6 nm RMS 

Figure 5. Film from 3APA deposition 

To understand these results, these AJ3 monomers were analyzed using differential scanning 

calorimetry (DSC), thermal gravimetric analysis (TGA) and hot stage microscopy. The DSC and 

TGA thermograms for 3APA are depicted in Figure 6. The DSC, performed using a hermetically 

sealed pan, shows three endotherms. The first endotherm is clearly the melting point and 

corresponds to values reported in the literature.30 The other two transitions are most likely due to 

the polymerization and imidization, respectively. Using hot-stage microscopy, melt flow of 3APA 

was observed around 190-2OO‘C, but this melt did not recrystallize upon cooling. 

As expected from the deposition experiments, TGA revealed an initial weight loss for 

3APA around lOo”C, and the residual weight at 300°C was slightly less than 10 weight percent. 

Obviously, the vaporization of 3APA competes strongly with polymerization. In the TGA of 

4APA, only 89 % residual mass is observed at 4Oo”C, and since 11 % weight loss accounts for the 

expected water loss, conversion of 4APA to the respective polyimide is suggested. The DSC of 

4APA depicts a broad exotherm at 194-205°C. Although no transition is visually observed using 

hot-stage microscopy, the FIIR of the baked 4APA powder confirms the presence of the imide 

moiety by the shift of the carbonyl peaks from 1830 and 1760 cm” to 1780 and 1720 cm-‘. Hence, 

although a true melt transition is not observed for 4APA upon heating, it apparently polymerizes 
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around 200°C in the solid state. Similar thermal properties were observed for the other AB 

monomer that was examined, 4ANA. 

In summary, thermal treatment of the vapor deposited 3APA coating resulted in 

resublimation of most of the monomer and formation of a relatively thin polyimide film. 4APA 

and 4ANA suffered from the opposite problem. The vapor pressure remains low as the monomer 

temperature approaches the melting point, and the reactivity is such that the monomer reacts in the 

solid state before a true melt is formed. An ideal AB monomer must be inactive initially allowing 

for facial evaporation. This monomer would then need to be converted to an active form during or 

after deposition to form non-volatile polymer. Work toward the synthesis and vapor deposition of 

such a monomer is ongoing. 

, 100 
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--40 w 
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Figure 6. Thermal Analysis of 3APA 
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III. Dual monomer experiments 

Most of our efforts have focused on optimizing the dual monomer coating system by 

controlling the vapor flux of PMDA and ODA. Initially, FTIR was used to provide a measure of 

the relative ratio of PMDA and ODA deposited, However, this technique lacks the require precision 

due to overlapping absorption bands. Instead, we calibrated the vapor deposition process in terms 

of evaporation and deposition rate of PMDA and ODA as a function of temperature. In addition, 

we utilized the fact that tensile strength is a sensitive indicator of polyimide molecular weight which 

in turn is a strong function of the PMDA/ODA ratio.‘1”2 

A. Deposition Equipment and Materials 

Our current polyimide coating system is depicted in Figure 7. A 6-in, 6-arm stainless steel 

cross was used as the deposition chamber. The deposition chamber was pumped down using a 

diffusion pump backed with a mechanical pump and was capable of reaching pressures in the lo-’ 

Ton: range with a full N,(l) trap in line. Two identical evaporators were used to sublime PMDA 

and ODA. An internal channel directed the vapors toward to the substrate. Each evaporator had an 

internal, usable volume of 2 ml allowing for a maximum loading of 1.5 g of PMDA and ODA 

powder. The evaporator was attached to the heater post, and a cartridge heater (Omega 

Engineering) was used to heat the heater post. The temperature was monitored using a type K 

thermocouple and controlled via a proportional-integrated-derivative controller (Cole-Parmer) 

within SX2”C. The substrate holder was set at a distance of 6 cm from the evaporators and was 

capable of being rotated during the vacuum deposition experiment via a rotary mechanical feed&n-u 

(MDC Vacuum Products). Polymer grade PMDA (pyromellitic dianhydride) and ODA (4,4’- 

oxydianiline) were obtained from Chriskev Company. The PMDA was recrystallized from acetic 

acid with 30 wt. % acetic anhydride, dried in a vacuum oven (-1 Ton-, 80°C for overnight and 

120°C for 3 hr). The bulk was separated into individual, sealed aliquots of less than 1 g. This 

insured the PMDA powder was totally anhydrous. The ODA was used as received. 
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Blow-up of Evaporator 

Side view Top view 

Figure 7. Schematic of polyimide dual monomer, vapor deposition chamber 
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Calibration of Deposition Process 

The vapor deposition process was characterized using both the mass loss from monomer 

evaporators and deposition rate on the substrate. The average-molar-mass-loss rate provides a 

measure of the vapor flow rate out of the evaporator. The monomer evaporators were loaded, 

weighed, placed in the vacuum chamber and heated for 3 hr. This process was repeated for both 

PMDA and ODA over a range of temperatures. Figure 8 depicts the measured molar mass-loss- 

rate for each monomer as a function of l/T. A quartz crystal (QC) deposition rate monitor was 

utilized to determine the deposition rate as a function of evaporator temperature for each monomer 

independently. The vibrational frequency of the QC changes proportionally to the mass of the 

material deposited. The deposition rate monitor assumes a density of 1.00 g/ml and converts the 

mass deposition rate to a thickness deposition rate.31’32 For the purposes of our experiments, this 

thickness deposition rate was converted back to a mass deposition rate using the surface area of the 

QC. Then the molar deposition rate was obtained from the mass deposition rate. The results are 

depicted in Figure 9. Note, at a given temperature, the deposition rate is proportional to the molar- 

mass-loss rate. For example, the ratio of the PMDA deposition and the molar-mass-loss rates 

varies from 1.2 % at 130°C to 0.95 % at 160°C. 
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Temperature (“C) 
157 147 137 

3 FM -l, 

127 

2.3 2.35 2.4 2.45 2.5 
lOOO/Temperature (Kelvin) 

Figure 8. Comparison of ODA and PMDA molar.mass loss as a function of Temperature 

Temperature (“C) 

149 139 129 119 

ii 2.3 2.35 2.4 2.45 2.5 2.55 
lOOO/Temperature (Kelvin) 

Figure 9. Comparison of deposition rate vs. l/Temperature for PMDA and ODA 

For an ideal monomer evaporator, the conductance of the orifice will be small compared to 

the overall evaporation rate, and the monomer vapor pressure in the evaporator will be constant 
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after an induction period. Assuming that the vapor is in molecular flow through the orifice, the 

effusion or mass flow rate,G, of monomer exiting our evaporator is given by: 

where A, P, M, R, T are cross-sectional area of the orifice, pressure, molar mass, gas constant 

and temperature, respectively.33V34 K is the transmission probability or Clausing’s factor which 

accounts for the orifice’s geometry and is given by: 

where 2 andr are the length and radius of the orifice, respectively. 33 For our evaporator, K equals 

0.184. Using the above expressions, the molar-mass-loss data (Figure 8) was utilized to calculate 

the monomer vapor pressure as a function of temperature for PMDA and ODA. This data, depicted 

in Figure 10 as solid symbols, follows an Arrhenius relationship as described by the Clausis- 

Claperon equation35 

AH 
lnP=A -2 

RT 

The heat of sublimation, AIYH, , can be obtained from the slope of this plot. The calculatedAZYJ for 

PMDA and ODA are: 118 and 134 kJ/mol, respectively. Using deposition rate data from a quartz 

crystal rate monitor, Pethe et aB6 calculated the AEIH, for PMDA and ODA to be 100 and 170 

kJ/mol, respectively. Sublimation enthalpies of 120 and 130 kJ/mol for PMDA and ODA, 

respectively, were reported by Hutchings et al 37 using similar rate monitor data. 

As discussed by Pethe%, Hutchings3’ and others3* , the rate of change in the quartz crystal’s 

resonant frequency due to the depositing mass is related to the monomer vapor pressure in the 

evaporator by the following equation: 

p _ dV ,1.5Rfs @%b 

J--- 
--- 

dt A,v,2 2M 
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where $ , v,, R,, A,, p, CT, k,, and M are rate of change in the resonant frequency of the 

quartz crystal, fundamental resonant frequency of quartz, the evaporator to substrate distance, 

cross-sectional area of the evaporator’s orifice, density of quartz crystal, shear modulus of quartz , 

Boltzmann’s constant, and monomer molar mass, respectively. The mass deposition rate, 2 , is 

dv 
related to - by the Sauerbrey equation.39 

dt 

dv -2~: dm 
Llf=A,& dt 

Hence, vapor pressure inside the monomer evaporator as a function of molar deposition rate is 

given by the equation: 

where 
dmol - , A,, R are the observed molar deposition rate, cross-sectional area of the exposed 

dt 

part of the quartz crystal or substrate, and the gas constant. Thus, molar deposition rate data, 

depicted in Figure 9, was used to calculate the monomer vapor pressure in the evaporator. This 

data was also plotted in the form of 

lnf’=A -4 
RT ’ 

and is depicted in Figure 10 (open symbols) for comparison with the vapor pressure calculations 

based on mass ioss data. The calculated rW, based on the deposition rate data for PMDA and 

ODA are: 109 and 120 kJ/mol, respectively. Thus, our AH, data is self-consistent within 

experimental error (- 10%) and comparable with similar measurements using vapor deposition 

equipment. 

Since the molar-mass-loss data correlates with the deposition rate data, monitoring of the- 

mass loss after a PMDA/ODA co-deposition experiment provides quite reasonable method 
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assessing the as-deposited stoichiometry. One may also utilize the deposition rate data (Figure 7) 

to set evaporator temperatures and attempt to match the deposition rate of PMDA and ODA. 

However, the deposition rate data is for PMDA and ODA deposited independently, and the 

deposition rates can not be monitored during an actual deposition experiment. In addition, since 

PMDA is electron poor and ODA is electron rich,JO PMDA and ODA will mutually attract each 

other and react during a co-deposition experiment. Therefore, it is certain that the co-deposition of 

PMDA and ODA results in significantly different deposition rates. For this reason, we have 

chosen to control stoichiometry by setting the temperature of the monomer evaporators and hence 

the vapor flux raining down on the substrate. 

Temperature (“C) 
159 149 139 129 119 

2.5 

2 

7 1.5 
3 

E5 l 
pi 0.5 
Ti 

0 

-0.5 
2.3 2.35 2.4 2.45 2.5 2.55 

lOOO/Temperature (Kelvin) 
•J ODA vapor pressure from deposition rate n ODA vapor pressure from mass loss 

o PMDA vapor pressure from deposition rate l PMDA vapor pressure from mass loss 

Figure 10. Vapor pressure curves for PMDA and ODA 

C. PMDA/ODA Co-depositions 

In order to optimize the strength of cured polyimide films, number of coatings were 

deposited at various monomer molar-mass-loss ratios onto KBr pre-coated glass substrates. 
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General experimental conditions were as follows: PMDA evaporator at 158”C, ODA evaporator at 

14515O”C, base pressure of 2 x 1O-6 Torr, and coating time of 3 hours. The substrate was rotated 

at 20-25 ‘pm to homogenize monomer fluxes during the coating process. Coating rates of 3 - 3.5 

pm /hr were typically observed. The PMDA/ODA coated glass slides were thermally treated in a 

N2 purged muffle furnace as follows: ramp to 150°C over l/2 hour, hold at 150°C for l/2 hour, 

ramp to 225°C over l/2 hour, hold at 225°C for l/2 hour, ramp to 300°C over 1 hour, and hold at 

300°C for 2 hour. Cured films were lifted off by soaking the coating in water. The films were 

then rinsed with ethanol and dried in a fume hood. Typical cured polyimide films were 9-10 pm 

thick and exhibited FIX bands at 1780 (CO), 1710 (CO), 1370 (CN) and 720 (CO) cm“ 

confirming the presence of the imide moiety.*’ The conversion of poly(amic acid) to polyimide 

was monitored by the bands near 2900-3200 (COOH and NH2), 1710 (CO), and 1660 (CO) cm-’ 

which diminished as the thermal cycle progressed. 

Table 1 compares the tensile strength for a selection of VDP films and the observed mass 

loss of each monomer from the respective source chamber. Film biaxial tensile strength was 

measured using a film burst apparatus, depicted in Figure 11. The tensile stress at burst was 

calculated using the measured differential pressure and the radial strain. For example, film D was 

pressurized to 365 KPa and rose 0.89 mm (Ah) just before bursting. The film was 9.0 mm thick, 

and the calculated radius of curvature was 4.65 mm. Thus, the o,,,, for film D was 94 MPa. 

Tensile stress at burst varied from -5O- 110 MPa. In the case of the stronger films, mechanical 

testing yielded the lower limit of the film strength due to the presence of micron size defects, which 

caused the film to prematurely leak rather than burst. As expected the strength of the films varied, 

in a qualitative sense, with the flux ratio of the monomers. The strongest films were vapor 

deposited closest to an equal molar ratio of PMDA and ODA. Film E was deposited under 

conditions, which should be slightly closer to equal molar stoichiometry, compared to conditions 

for film D. However, film D clearly had a higher tensile strength. Excess diamine is known to - 
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cause side reactions and oxidation leading to general deterioration of t-ilm properties.** Clearly, the 

tensile strength of the polyimide film is highly dependent upon the monomer ratio as calculated 

from the mass-loss data. 

Film biaxial 
tensile 

Gas 

Pressurized 

PR o= - 
2t 

C = tensile stress in film 
R = radius of curvature 
P = pressure on film 
t = thickness of film 

Figure 11. Biaxial film testing apparatus and illustration of tensile strength calculation 
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Film ID PMDA mass ODA mass PMDA/ODA Tensile strength 
loss (mg) loss (mg) Molar Ratio* 

A 85.6 59.2 1.33 Too brittle to test 

B 63.8 47.7 1.23 High defect density 

C 88.8 70.2 1.16 < 50 MPa 

D 63.2 53.0 1.10 ~94 MPa leaks due to defects; 
uniform strength 

E 62.3 69.5 0.97 >84 MPa in central region; not 
uniform & dark 

F 62.4 69.5 0.83 Too brittle to test 

Table 1. Summary of tensile testing results of VDP polyirnide films of various compositions 

* Molar ratio of the monomer sublimed from each monomer source 

IV. Conclusions 

We have examined vapor deposition of both single and dual monomers (PMDA/ODA). 

The single monomer deposition experiments had mixed results. Although the coating was smooth 

and homogenous, over 90 % of the initial monomer coating sublimed during thermal curing to 

form polyimide. For PMDA/ODA co-depositions, stoichiometry control was examined by 

measuring the monomer sublimation and deposition rates as a function of temperature. The vapor 

pressure curves generated using this data were comparable. The molar-mass-loss ratio was found 

to be an adequate method of judging the stoichiometry of the as-deposited PMDA/ODA coating. A 

number of coatings were deposited with different stoichiometries, and the thermal conversion of 

the as deposited PMDA/ODA coating to polyimide was monitored using FIR The biaxial 

strength of these polyimide films was used to optimize the VDP parameters. The films with 

stoichiometry close to 1:l exhibited the highest tensile strengths. Clearly current films are close to 

the minimum strength specification for a NIF quality capsule (120 MPa). Commercial KaptonTM 

has a tensile strength of 230 MPa.” We plan to switch to UpilexTM which has a tensile strength of 
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400 MPa.‘7s’8 Therefore, if using our vapor deposition process, a conservative 50 % of the 

literature strength value is obtained, we will have a reasonable safety margin for a NIF target. 
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