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1.0 INTRODUCTION

Complex composite structures are prevalent throughout the propulsion industry.
Unavoidable are the many interfaces between materials of differing physical and chemical
properties. An example is the problematic propellant-liner “bondline” region that has
received great attention through the multi-organizational and multi-disciplinary Solid
Propellant Integrity Program.! In applications where nut-and-bolt fasteners are not
appropriate, the “adhesive” quality of the interface becomes a serious consideration with
regard to overall system integrity and reliability. Indeed, it is the ability of the structure to
transfer or distribute stress when subjected to, for example, thermal and mechanical
loading, that will help determine performance and failure criteria. If the materials on each
side of the interface are also chemically complex (as is the case with solid propellants),
then other issues such as surface segregation, diffusion, solubility, and reactivity of
chemical constituents also affect the interfacial region and overall system aging.? As with
grain boundaries in metals, in some aspect an interface can be considered as a type of
defect and will therefore have a significant impact on the ability of the composite to
perform its intended function. For this reason, the nature of the interface becomes of
critical fundamental importance.

The project objective was to examine the structure, function and dynamics of the
interfacial regions of advanced propulsion materials. Before the principal author joined the
project, the primary focus of the program was on the ammonium perchlorate
(AP)/bonding agent interaction. As the propellant community sought to lower
hydrochloric acid (HCI) emissions in rocket plumes and therefore eliminate AP as an
oxidizer in new propellant systems, the focus of the program shifted entirely toward the
annealing phenomenon exhibited by thermotropic liquid crystal polymers (LCP): an
exciting candidate material for structural applications and the subject of current research.
The LCP results relevant to these studiess are presented in other reports submitted by Dr.
John Rusek (this effort’s first program manager - currently at Naval Weapons Center
(NWC) China Lake).>* This report will present the preliminary research on ammonium
perchlorate.

Gathering information about a buried interface can be difficult, depending on the
nature of the individual layers. The probe employed needs to be site specific without
destroying what is to be studied. In most surface and interfacial analytical techniques, the
trade-off exists between site selectivity (depth resolution and volume averaging) and
sensitivity (signal-to-noise). Ammonium perchlorate presents a challenge because of its
delicate, reactive nature as revealed by its low heat of formation of approximately -70.7
kcal/mole.’ Ton and electron beam techniques were found to be too damaging to either the
ammonium perchlorate substrate and/or the organic bonding agent overlayer. For these
reasons, Raman Spectroscopy, Fourier Transform Infrared Spectroscopy (FTIR) and X-
ray absorption and scattering techniques were used and it is the results from these
techniques that are presented within. The data and discussion of the applicability of the X-
ray and Raman techniques were obtained from research contracted with Dr. R.W.
Hoffman of Case Western Reserve University (CWRU) and the FTIR results from Dr.
Shannon Lieb of Butler University. The reports for these two efforts are presented in their
entirety in the appendices.




2.0 OVERVIEW

The overview of the results reported in the appendices will be divided into three
sections. First, the X-ray and electron scattering feasibility work performed by Dr. R W.
Hoffman and Dr. Charlotte Lowe-Ma will be summarized. The second section will
describe the FTIR and Raman experiments performed at OL-AC PL/RKFE, Case Western
Reserve University (CWRU), and Butler University. The final section will present the
Extended X-ray Absorption Fine Structure (EXAFS) results of CWRU. The discussion
will approximately follow chronologically the efforts made to characterize the AP/bonding
agent interaction.

2.1 X-ray and Electron Scattering Results

Of interest was the structure of the adsorbed bonding agent layer. In principle, if
the adsorbed molecule (adsorbate) reacts chemically with the substrate (so-called
chemisorption), then the adsorbate would be found only where these reactions sites are
present. If the reaction sites are located in a two-dimensional periodic array, then a surface
diffraction technique would determine the periodicity of the adsorbate. Two techniques for
finding this periodicity are Surface X-ray Diffraction (SXRD) and Low Energy Electron
Diffraction (LEED).

The diffraction of electrons and X-rays are fairly well understood. As a simple
introduction, in either case, the scattering vector which is defined as the difference
between the vectors describing the outgoing (scattered) beam and that for incident beam

q= kout - kin (1)

is used to probe for periodic variations of electron density in the sample® (see Fig. 1).
N
q, A k

out

Figure 1
Scattering Vector Definition




Here, k is the wavevector of the radiation employed and is inversely proportional to its
wavelength. Considered here, of course, are X-rays that are elastically scattered, i.e., the
scattered photons have the same energy as the incident ones. If the periodicity of the
sample can be described by the reciprocal lattice vector a, then diffraction maxima will be
observed when the Laue conditions are met. Namely, when

a-q=2xmn )

where n is an integer. The description for two-dimensional periodic arrays yields the same
diffraction conditions given by Equation 2.

The X-ray Diffraction (XRD) experiments were conducted at Naval Air Weapons
Center (NAWC) by Dr. Charlotte Lowe-Ma. A typical XRD setup is shown in Figure 2.
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Figure 2
0-20 Diffractometer Setup

For scattered X-ray diffraction (SXRD), the incident X-ray angle is usually kept
fixed below the substrate critical angle if possible, thereby maximizing the fraction of the
scattered intensity due to the adsorbed layer (this technique is applicable for X-ray
absorption measurements and infrared (IR) absorption as well). The detector is then swept
through an angle such that q lies either in the plane defined by ki, and the sample normal N
(scan type 1), or nearly perpendicular to N (nearly in the plane of the sample; scan type 2).
Another possibility is to use an X-ray beam incident normally onto the sample surface and




detect the back-reflected diffraction maxima. This is the standard arrangement for LEED.”
LEED maintains surface sensitivity by using low energy incident electrons, thereby
minimizing the inelastic scattering mean free path. For a truly two-dimensional periodic
structure where there is no crystallinity in the direction of N, scan type 2 would be more
appropriate. However, due to instrumental limitations and alignment difficulties, neither
scan type was performed. Scattering data were taken for the 0-20 experiment shown in
Figure 2 for a variety of scan ranges for “neat” AP crystals and for AP with a dilute
solution of a bonding agent applied to the surface of the same crystal. The bonding agent
solution concentration was chosen such that after evaporation of the solvent, roughly one
monolayer of bonding agent would be left on the surface (1 monolayer =~ 1x10%°
atoms/cm?). In Figures 3 and 4, typical scattering curves for an epoxy resin (DER-332)
and “tepan” (HX-879) are presented.
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Figure 3
(001)AP Surface with and without DER- 332
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Figure 4
(210)AP Surface with and without HX-879

For both figures, it is apparent that the differences between the neat AP crystal and
those with a bonding agent applied are subtle. First, due to the loss in intensity of some of
the weaker reflections in Figure 3 and the presence of the amorphous scattering hump near
22° 20 in Figure 4, the coverage was apparently significantly thicker than desired. The
chemisorption of the bonding agent would affect only the near surface region of the crystal
(perhaps the top two or three crystal planes). The changes in the diffraction maxima for
the AP would be virtually impossible to detect. Second, the diffraction geometry was not
appropriate to locate a two-dimensional adsorbate structure. It appears that most of the
data taken were in the low 20 range where the scattering comes from long crystalline
repeat lengths (or large correlation distances). It was not anticipated that the adsorbate
would yield scattering at these large length scales.

The LEED experiments were conducted at Case Western Reserve University by
Dr. RW. Hoffinan and research associates (see App. B). It was anticipated that the
electron beam (e-beam) would damage the AP crystals under at least some conditions.
Preliminary experiments were conducted to ascertain the e-beam current density limits
below which LEED or possibly Auger Electron Spectroscopy (AES), Reflection High
Energy Electron Diffraction (RHEED), and Electron Energy Loss Spectroscopy (EELS —
a vibrational spectroscopy) could be performed.® It was found that at high currents at a
beam energy of 4.5 keV, the AP crystal, not surprisingly, decomposed rapidly. Figure 5
shows an e-beam etch pit into an AP crystal (App. B also discusses RHEED, EELS, and
Temperature Programmed Desorption).




Figure S
E-beam Etch Pit in AP Single Crystal

It was also noted that for typical LEED e-beam characteristics (1 pA current, 20-
500 eV energy), degradation of the AP still occurred as evidenced by decomposition
products detected by residual gas analysis, but at a greatly reduced rate. Long term Cl
contamination of the ultrahigh vacuum apparatus was also noted. Concern remained over
the viability of an organic adsorbate under the influence of an e-beam in the UHV
environment. Attempts to detect LEED maxima from AP failed, presumably because of
charging effects. At this point, CWRU abandoned LEED for X-ray Absorption
techniques. RHEED and EELS were also attempted with little success.

2.2 Raman and FTIR Results

Raman and FTIR spectroscopy experiments were performed at Case Western
Reserve University and by Dr. Lieb at Butler University respectively. In Raman
spectroscopy, the fraction of the incident light, usually from a laser source, scattered
inelastically from the sample is analyzed. The shifts in wavenumber (proportional to the
energy) from the incident radiation are characteristic of a molecules shape and chemical
composition (i.e., a measure of the polarizability of the molecules). Raman spectroscopy
of adsorbates suffers typically from sensitivity issues and has not been proven to be a
reliable surface technique for the study of adsorbates. That is, the surface/adsorbate
Raman scattering can easily be hidden in the noise (background scattering etc.) due to the
low signal strengths. However, in certain cases, the technique has proven to be quite
effective. Fig. 6 shows the Raman spectrum for single crystal AP as measured from a
647.1 nm wavelength excitation source.
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Figure 6
Raman Spectrum of AP

This data set is consistent with the Raman scattering for AP as found by other
researchers. > In Figure 7, data is for the same sample, coated with diethylamine.
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Figure 7
Raman Spectrum for AP Coated with DEA




The wavenumber range shows the main ClO,” symmetric stretch modes (additional
data appear in App. A). AP is a heavily hydrogen bonded solid with each ClOs
surrounded by seven NH," and likewise for the NH," ions."? It is therefore reasonable to
assume a coupling, although perhaps weak, between the perchlorate and ammonium
sublattices through the vibrational modes. This may be evidenced by the loss of the v; free
ion vibrational mode near 1100 cm™.

FTIR spectroscopy differs from the Raman technique mentioned above in that the
interaction is between the incident photons and permanent dipole moments (dipole-active)
in the sample. This technique measures in some fashion the amount of attenuation of the
incident signal as a function of wavelength: either through direct measurement of the
transmitted intensity, or for greater surface sensitivity reflected intensity (Infrared
Reflected Absorption Spectroscopy) or through a secondary process such as
photoacoustic emission. FTIR is more sensitive to hydrocarbons but usually does not have
as sharply defined peaks as Raman. In some sense, FTIR is a complementary technique to
Raman scattering. FTIR was explored at the Phillips Laboratory early on in the program
to assess the utility of this technique. Figure 8 shows the FTIR photoacoustic spectrum for
an aziridine of unknown coverage adsorbed on AP (other data appear in App. A).”
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Figure 8

FTIR Spectrum of AP Coated with HX-752

The complexity of the spectrum is obvious: this was determined to be a seriously
limiting factor. The effect, which was thought to be subtle, was believed to be hidden
amongst broad resonances associated with the AP and the bonding agents themselves.
Note the broad ammonium bands at approximately 1400 cm™ and 3000 cm™ and the amine
band near 1300 cm™ and 1600 cm™. Certain features of Figure 8 are also readily




identifiable with the perchlorate ion: the doublet near 2000 cm™ and the sharp peak near
630 cm™  To identify the hydrogen bonded species in an hydroxy terminated polybutadiene
(HTPB)/AP system, Dr. Lieb used a model chemical system that in principle would be free
from the spectral complexities mentioned above. Specifically, the hydrogen bonding of
monomer, dimer and trimer allyl alcohol hydrogen bonding was investigated. Dr. Lieb’s
reports, presented in the appendices, do not show FTIR spectra, thereby making
conclusions difficult to reach.

2.3 X-ray Absorption Results

The final experimental technique employed, EXAFS, received the most attention
(see App. B). Photons interact with matter through three basic processes: scattering
(inelastic and elastic), absorption (photoelectric effect), and pair production. For photons
in the X-ray wavelength range of approximately 0.05 to 100 A, the photoelectric effect is
dominant for most elements (and pair production forbidden). The outgoing photoelectron
wave will interact with the wave scattered off neighboring atoms, leading to a modulation
in the absorption coefficient pu (quantum mechanically a final state interference effect). It
should be stressed that EXAFS, unlike the diffraction techniques discussed above, is a
short range order technique. Mathematically, sufficiently far from the absorption edge
where the single scattering approximation is valid, the EXAFS oscillations for the K-edge
are given by:

%00 = ( Hrha)/bo= £ -(NYKRD)| 1) exp(-20°K3-2Ry/A)sin(2kR;+8(K)) 3)

where
Mo = the monotonically varying part of the absorption coefficient
k = photoelectron wavenumber
N; = number of nearest neighbors of atom type j
R; = distance from absorber to atoms of type j
fi(k,7t) = energy dependent backscattering function for atom of type j
exp(-26°k*-2R;/A) = Debye Waller and inelastic scattering term of mean free path A
sin(2kR;+d;(k)) = interference term
9;(k) = energy dependent phase term.

The features seen near the absorption edge, the X-ray Absorption Near Edge Structure
(XANES) region, contain information about unoccupied bound states, low energy
continuum states, and, because of the importance of multiple scattering at these low
photoelectron energies, multi-atom correlations.™*

The Cl K-edge was chosen for study. The reaction of the bonding agent with the
ammonium ion should affect the Cl EXAFS in the first three coordination shells. The N K-
edge would require the sample to be placed in a vacuum (because of the strong absorption
of N in the atmosphere) where the volatility of the adsorbed bonding agent would be a
concern, as determined in the e-beam investigations. Experimentally, the incident X-ray
energy is increased from just before the absorption edge (approximately 2823 eV for CI)
to 1000-1500 eV beyond it while measuring the incident X-ray flux and either the intensity




of the transmitted beam or the decay of the excited Cl atom. A synchrotron radiation
source is preferred not only because of the superior X-ray flux and tunability of the
“source;” but also because the flux is a smoothly varying function of the energy. The final
absorption data is scaled by the incident X-ray flux to remove any beam intensity
variations. (These measurements were made at the National Synchrotron Light Source of
Brookhaven National Laboratories.) The oscillations are then isolated from the
monotonically varying background and Fourier analyzed.

The excited atom will decay either through the Auger process or fluorescent
radiation production. For elements of low atomic number like Cl, the Auger process will
dominate. However, the detection of the Auger electron was not feasible. For transmission
measurements, the sample should be no thinner than 1/u to maximize the signal to noise
but not thicker than 2-3/u to avoid signal attenuation. An AP sample meeting this
requirement would be approximately 23 um (10°° m) thick: far too thin to manipulate by
hand with any reasonable viability.”* For these reasons, fluorescent measurements were
chosen. The AP was finely ground (10 um diameter) and loosely pressed into a pellet
approximately 0.375 in. in diameter and 1 mm thick. Samples were mounted in the
fluorescent detector housing on a carousel designed at the Phillips Laboratory. Figure 9
shows a schematic of the EXAFS experiment.

SAMPLE HOLDER

STORAGE RING

Figure 9
Schematic of EXAFS Experiment

The absorption experiments were conducted by placing one to two dilute drops of
a bonding agent onto the AP pellet. The concentrations were prepared such that assuming
100% adsorption, the assumed spherical AP particles would be coated with one or two
monolayers of bonding agent. The application of the bonding agent was followed by the
odor of ammonia. Figure 10 shows adsorption data for AP. Figure 11 shows EXAFS data
for AP coated with HX-878 (Tepanol). Note the second adsorption edge near 3200 eV.
This is due to Ar in the fluorescent chamber. CWRU attempted to use this second
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absorption edge as an “internal” energy calibration but this benefit was far outweighed by
the complication of removing a second edge from the middle of the EXAFS region.
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Figure 10
Fluorescent EXAFS of AP
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Figure 11
Fluorescent EXAFS of AP Coated with HX-878

Although the spectra are qualitatively very similar, Fourier analysis showed subtle
changes in the CI-O coordination shell. Simulations of the expected EXAFS data,
computed with the FEFF family of programs, were consistent with the observed
data."®"™'® Figure 12 shows the y(k) plot derived from Figures 10 and 11. Note the subtle
changes in amplitude and in phase of the EXAFS oscillations.
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3.0 CONCLUSIONS

'Pile preceding sections have outlined what can only be called a preliminary
investigation of the chemisorption of various bonding agents on ammonium perchlorate.
Although the political atmosphere necessitated the premature termination of most of the
experiments (the EXAFS work proceeded longer because of the interest in EXAFS of the
LCP materials), several conclusions can be drawn.

Regardless of the analytical technique used, more care was needed in the creation
of the adsorbate layer. It was evident in the X-ray diffraction and FTIR data that there
was, in some instances, too thick (and undoubtedly nonuniform) a coating of the bonding
agent, thereby effectively swamping the desired signal with information from the unreacted
bonding agent. To maximize the efficiency of the EXAFS experiments, the coverage of the
AP in the near surface region of the pellet (approximately 30-40 um. deep) needed to be
complete. This is true because the self-absorption of the Cl K-edge EXAFS would prevent
a detectable signal from deeper within the pellet. The EXAFS data show different results
depending on whether the top side (the side to which the solution was applied) or the
bottom side were analyzed, with both sides being different from unreacted AP. This makes
the assumed coverage suspect.

Trivially, surface sensitivity is essential to the study of adsorbates. The XRD and
FTIR techniques employed did not have the degree of surface sensitivity required to
provide meaningful data because of the inappropriate scattering geometries employed. The
glancing angle SXRD and IRAS would be better suited for reasons discussed earlier.
Surface enhanced Raman has in recent years received increasing attention in the study of
adhesives and adsorbates in general. The difficulty here lies in achieving “surface
enhancement” in a wide variety of samples. For the EXAFS experiments, the bulk CI K-
edge signal was minimized by grinding to small AP particle diameter. Indeed, there were
some differences noted between the uncoated and coated AP samples as well as
differences from one adsorbate to the next (although the data analysis is incomplete).
However, the glancing angle discussion applies equally well here. Also, electron yielded
detection would also enhance the surface sensitivity. At the time of the National
Synchrotron Light Source (NSLS) experiments, this apparatus was not available for use
by the CWRU researchers.

To summarize, the techniques that showed the most promise for the study of the ‘
AP/binding agent interaction were the Cl K-edge EXAFS and Raman scattering. The
adsorption process created noticeable differences from the neat AP. It is believed that
XRD and IRAS would have been equally as useful if the proper geometries would have
been available.
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4.0 RECOMMENDATIONS

Aithough the ultimate goal of this phase of the project was not met, valuable
experience was gained in the application of several spectroscopic techniques to the study
of intrapropellant interactions and adhesion. As the propulsion community enters different
propulsion areas, the nature and identity of the two components studied here will change.
The fundamental importance of the interface between different components of a composite
structure however will remain. For materials of similar physical characteristics to AP and
the various bonding agents, the techniques of SXRD, IRAS, Raman, and EXAFS are
recommended for use.
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ABSTRACT
3
The té-chnique of X-rary Absorption Fine Structure (XAFS) spectioscopy was
used to determine locdl structure cnd short remge order at the Cl K-edge in rocket
fuel oxidizers - nommely canmonium perchlorate (AP) -, oxidizer/binder systems,
cnd new polymer mattericls of vital interest to the Air Force. Data was collected
at the National Synchrotron Light Source, Brookherven Netionad Laboratory cnd
cnalyzed ot the Phillips Loboratery, Edwcnds Air Force Base. This
Faculty/Graduate Student Summer resecrch Project clso resulted in the
acquisition, by the Air Force, of stte-of-the-art cnalysis programns for reducing
EXAFS (Extended XAFS) data to a reporicble form. Theory of XAFS cnd a
detailed description of the cnclysis procedure is presented herein, aong with

limitcions of the single-scattering formalism as applied to necr-edge structure and
suggestions for future work.
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INTRODUCTION

Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy, the
modulcation of the absorption coefficient above cn cosorption edge. has found
wide renging cpplication in solving structurcd problems in recent yecus. EXAFS
spectroscopy is a very useful tool for studying complex or dilute systemns whose
structures comnot be determined by conventiond x-ray diffraction techniques.

Post-absorption edge fine struchure was first observed by Kronig! on 1931,
but it wasn't until the 1970's that the short renge order theory was fully worked
out?? These new theoretical developments, coupled with the emergence of
dedicated synchrotron radiation sources for x-rcry cbsorption spectrescopies in
general, have led to the tramsformetion of EXAFS from a laborctory curiosity
available to a very smail group of scientists, to a widely available, cquantitative
tool for structwral investigetion.

This technicue is well suited for studying the structure of rocket fuel oxidizers
such as cmmonium perchlorate in vemious loccl environments cnd new
advanced polymer component materials currently of interest to the Air Force, as
a thorough, quantitative understending of the chilorine-locdl struchure of these
complex systems is required for consistent device fabrication.
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) THEORY OF EXAFS

The 6scilla'tory structure of the absorption coefficient is attributed to the
scattering of the photoelectron emitted due to the absorption of the incident x-rcy
by the atoms surrounding the closorbing citom. By compcming experimental data
with theory cnid/or model comﬁounds, informetion about the local (~5A) structure
of a material ccn be obtained with @ high degree of accuracy (~0.01A). By
compcring the structures cbtained for the vemious binders in the oxidizer/binder
system, a very detcailed body of information about the oxidizer's local structure '
com be constructed.

It has been determined®* that for energies sufficiently high ciove the
absorption edge (= 50eV) the single scattering approximation adequately
describes the siructure. An additional simplification clso memifests itself in this
region, namely the plane wave cpproximetion. The EXAFS oscillations, following
the single-scattering and ocutgoing plcne wave approaches, cxe given for K-edges
as a function of photoeleciron wave number k by*

. -2R
. N; . =8 el : 1
y(k)=Z-—L|f (k,=) €2 e * sin(2kR,;+3,(k)) (1)
J KR

PR
J

where N, is the number of equivalent scatterers of type j a mean distemce R from

et oik®
the absorber, f(k,n) is the (energy dependent) backscattering function,
is a Debye-Wdller term describing thermal disorder. e is o term which accounts
for inelastic scattering effects over the photoelectron medn free path A, and
sin(2kR+8(k)) is the interference term, where §(k) is the (energy dependent) phase
shift. The photoelectron wave number, k, is given by

nily

k= (% (E-E,)) (2)
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where m is the mass of the electron, > is Plemck’s Constamnt divided by 2r, Eisthe
incident xray energy, and E, is the edge energy.

EXPERIMENTAL PROCEDURE

As the experimentcl sefup, sample prepcrction, data collecton, cand
associcted complexities cre described in detadl in the report of the faculty half of
this faculty /graducte student tecmm, namely Professor R. W. Hoffmem, the reader
is directed to thot work for detedls. All date for this experiment was collected in
the fluorescence mode on becmiline X19-A at the National Synchrotron Light
Source, Brookhaven National Laboratory between 7 end 13 August, 1991. A
pictorial description of a "typical’ synchrotron XAFS experimentcl leyout cnd
fluorescence detector is given in Figure 1.

DATA ANALYSIS

Many complications may hinder one's progress towecrds cucntitative
cndlysis of EXAFS. One must oe very careful when stating results to include some
particulens albout how the cnalysis was performed. The procedure used here can
be divided inio iwo main parts. The first includes the inidalizetion cnd
background removal to obtain normealized EXAFS oscillations. This normalized
detar con then be cndlyzed by the theory developed cbove. The second mcjor
step in the cnalysis extracts the pcxammneters of interest. The cnalyst has severd
tools at his disposal for this part of the endlysis. These include: Fourier Trensform
(FT) and Fourier filtering to get radicl structure functions, direct compcuaison of
EXAFS spectra, isolation of single shells, cnd curve fitting or calculction.
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PRELIMINARY ANALYSIS

INITIALIZATION

The progrems used in this study to cnalyze the data were FORTRAN codes
developed over the course of about a decade. They enable one to cnalyze datd
from maemny different synchrotron radiation (SR) becrnlines by putting the detainto
a stendard format. After the raw deta has been initiclized, the cnalysis proceeds
without regard to the origin of the perticuler data set. A plot of a flucrescence
spectrum of AP is shown in Figure 2(A).

PRE-EDGE SUBTRACTION

Below the absorption edge of interest, the mecasured background contains
contributions from several sources, such as Compton scattering cnd other (lower
energy) cbsorption edges. Itis useful, especiclly for necar-edge studies, {0 remove
this pre-edge background. This is dene by fitting the data below the edge to a
suitable function cnd extrapolating to the end of the deta set. Itis found that a
quadratic pre-edge function is a good cpproximation to this background for
tremsrission, cnd for flucrescence even ¢ linecr funciion will suffice®. Usucdly this
curve is fit between two points in the data set; the first "good’ point cnd the point
at which the absorption edge begins to occur. It is possible for the cnadyst to
specify both of these points. This is especiclly useful when compcring severcl
spectra at the same absorption edge to provide consistency in the cnalysis. The
curve from Figure 2(A) is shown in Figure 2(B) with the pre-edge function over-
plotted.

EDGE ENERGY DETERMINATION

Even though the EXAFS technicue is relatively insensitive to the cbsolute
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energy cclibration of the monochromeator it is useful, again to mcintain
consistency, to define a thresheld energy E,. This is done by mathematically
determining the inflection point in the clbsorption edge spectrum. When
cnalyzing meaterials with different chemicad or crystadlographic compositions it is
useful to use the same number for E, for the entire group. Therefore, one lets the
computer program determine the inflection point of the "pure" or "control’ scmple,
cnd then monudlly assigns that number for E, to subsequent scomples. A plot
showing the inflection point for AP X-ray Absorption Near-Edge Structure (XANES)
cappecas in Figure 3(A). Figure 3(B) shows the flucrescence spectrum of AP with
the pre-edge function subtracted.

DEJUMPING

Sometires one finds thet the data contains abosorption edges other than
that or those of interest. This was the case in this study, due to the closeness of the
chlorine k-edge (2823 eV) o that of cagon (3205 eV). Since a typical EXAFS scan
extends to approximctely 1000 eV chove the edge, this could cause a problem
due to EXAFS coising from the other element(s). Forfuncately, Ar is a noble gas
cnd as such there is no fine siructure cbove the edge, so this edge can be
carefully "dejumped” or subtracted PRIOR to isolation of the EXAFS oscillations.
Since the complitudes of these fecfures coe lcager tham the EXAFS oscillations
themselves ct this energy, it is usefl to dejump when possible to cvoi
contaminating the FT performed later. The Ar edge in cn AP scam is shown in
Figure 4(A) and the dejumping process is illustrated in Figure 4(B).

BACKGROUND REMOVAL

The background aoove the edge is more complex thom that below it, and
must be corefully removed in order to properly normmalize the data and later
extract struchural pcocameters. There cxe several methods for determining the
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post-edge background function, cnd in this work the background is obtcined as
a cubic smoothing-spline approximent to the data®. This method, as well as the
several others avcilable to the generad EXAFS community, depends on the
background being slowly varying with respect to the EXAFS oscillctions.

Two parameters may be veried by the user-one determines the smoothness
of the fit cnd the other is cm inverse weighting pcxcneter. In practice the
weighting pcrcmneter is held fixed at a small value to force the spline to go
through the first data point cnd the smoothing pcocmeter is vemied. The
smoothing pcxcrneter is veried by an iterative process by which one excrnines
the FT end background derivative, Using a smoothing pcxameter that is too
smaill will ccuse non-physical peaks ot small radicl distance Rin the FT, while if
the smoothing percmeter is oo lezge the oscillations in the background derivative
will too closely follow the EXAFS.

The procedure is to visually compcre plots of the FT and background
derivative cnd determine what finad vaiue to use for the smoothing pcacmneter.
Also importemt is the k-range used in the FT. Usudily one specifies the k-ramge to
stert ot the first zero of x(k) and extend to a k-vaiue dependent on the quality of
the high-k deata. Plots shewing the effect of varying the smoothing pcrameter on
the FT end background derivative cre shown in Figure 5.

NORMALIZATION

After the background has been subtracted from the dcta, the next step is
to normalize the EXAFS oscillations to encble mecningful comparison of spectra
collected from different samples. This is done by choosing a point beyond the
necr edge structure region, and dividing each daia point by the x value of the
normalization point. When studying several scamples of a given system it is
importcnt that the scmme energy value be used for each to mcintain consistency.

Once the data has been normalized it must then be written in a form
conducive to detciled Fourier cnalysis. This procedure writes only the normatized,
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isolated EXAFS detar into a file that cam be read by a program that enalyzes and
fits the y data. Plots of the normalized y for AP end AP/TET cze shown in Figure
6.

FOURIER ANALYSIS AND EXTRACTION OF STRUCTURAL PARAMETERS

Once a cazeful preliminery cndalysis has been completed, detadled Fourier
cnalysis cnd quemtitative comperison may commence. It is well established?®’
that the Fourier fremsform can be used to extract information from equction 1
since it is essenticdly a sum of sines cnd exponenticls. The recson that it is
possible to isolate data comresponding to different radial distemces is that the sine
term in equation 1 contcins the strongest k dependence’.

There care several ways o extract information from ecruation 1, and the
method(s) used for a given study will depend on what information is needed.
Three well-known techniques cre: curve fitting, y calculation cnd visud
compcrison. Often, two or more of these methods cre used together. The
program used in this peat of the analysis encbles one to overplot severcd EXAFS
(3) or Fourier fremsform (RSF) spechra, fit darda to areference material or theoretical
informeation, cnd calculate EXAFS spectra given a reference matericd or
theoretical informeation. This aiso includes Fourier filtering cnd backtremsformation
to isolcte single shell data.

For & theoretical treatment one may use the calculated phase shifts and
backscattering conplitudes of Teo cnd Lee’ (plane wave approximation) or
McKdle et a'® (full curved-wave formalism). This is perticulenly useful when a
suitable reference compound is difficult or impossible to obtain, clthough one
must particularly cozeful to properly normadiize the data in this case. The use of
reference matericls for fiting or ccalculation is quite useful for comparing cn
unknown sample to a well-characterized stcndard. In addition to providing &
reference for phase shifts cnd backscattering amplitudes, the use of model
compounds allows the cnalyst to visuclly compcre the experimental cnd
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calculcted or fitted data to the model.
DISCUSSION AND CONCLUSIONS
XANES ANALYSIS

Analysis of the XANES gives informction aioout the density of unoccupied
stctes necr the edge. A major complication of XANES cnalysis is thet the full
matrix operctors must be used cnd summction over al scattering paths is
required, unlike EXAFS in which « single sccttering process will suffice. It is
cppcrent that most of the informetion contained in the interaction between AP
cand verious binders is contained in the XANES region. This is a limitation of the
present cnalysis process as well s the genercd XAFS community cnd should form
cn impetus for future work in this rapidly developing field.

SUMMARY

A powerful experimental technique, thet of X-ray Absorption Fine Structure
spectroscopy cnd cndalysis, was added to the list of in-house capabilities avadlable
at Phillivs Laborctory OLAC for the investigation of ¢ new set of materials of vital
interest to the Air Force. As well as providing computer programs for performing
the data cnalysis chlerine K-edge XAFS was shown, for the first time, in oxidizers
and a new class of synthesized polymers. An X-ray fluorescence spectrum for
newly synthesized polymer is shown in Figure 7. As this is part of cn ongeing
project providing relatively recent data (13 AUG 91), the finad cnalysis is not yet
complete. There is additionad synchrotron becmmtime available this Autumn, end
a careful and detcdled XANES study should be caried out at that time, as well
as ademonstration of the verscrtile tool of struchural determination known as XAFS
on other new mcterials and oxidizer/binder systems at that time.
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FIGURE CAPTIONS

1 (A) Becmline setup for a typical absorption experiment
(B) Diagram of a Lytle type flucrescence detector

2) (A) X-ray flucrescence vs photon energy in eV of AP
(B) X-ray fluorescence and quadrctic pre-edge vs phoion energy in eV of
AP

3) (A) Cl K-edge XANES of AP
(B) X-ray flucrescence spectrum minus pre-edge background of AP

4) (A) Ar edge appecring in AP data vs photoelectron energy in eV
(B) Removal of Ar edge by the dejumping process

5) (A) Post-edge background derivative cnd
(B) Fourier tremsform magnitude of AP as a function of smoothing pcocameter

6) Normalized EXAFS deta of (A) AP and (B) AP with 1 mL of TET diffused

7)  X-ray fluorescence vs photon energy in eV cf "SYN 14
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SCHEMATIC.OF AN X-RAY ABSORPTION EXPERIMENT
AT A SYNCHROTRON RADIATION FACILITY
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ABSTRACT

XAFS of AP and AP/Binder Systems

Technigues of Lytle detection in x-ray fluorescence were

a ied to 26 distinct chemical samples a2t the Cl1 edge, 1 at the
K edge, and 7 at the Ti edge. The specimens commonly were
ssed from powders, 2.5 um particle size in the case of AP to
cknesses of about 1/32 in., thus outalring samples for further
iments of adding binders or remaining uncoated. A special

€ holder was designed and constructed to aid in the specimen
ple thickness necessitated fluorescent
detecticn with an estimated probing depth of 25 um. The
experiments were carried cut on beam line ¥-19A at Brookhaven
National Laboratory and are in the process  of being
guantitatively evaluated. Differences in the XANES spectra
between binders are noted, and tentatively related to the steric
:hgmistry and to the loczl structure and valence of the C1
ntaining szamples. Several new polymeric materials were also

xzmined.

transfer. The sa

r[)
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Introduction
S T
The prime commitment to +the RDL/AFOSR Summer Research
Program was to make XAFS technigues available to the Phillips
Laboratory, Edwards AFB and especially to certain persons who
would be trained or vupdated in many phasss of Synchrotron
Radizticn (S8R) research involving absorption fine structurse

spectroscopy. The perscons participating directly in this
activity were Dr. John Rusek and Dr. Kevin Chaffee, Phillips
Laboratory, and Professor Richard Hoffman and Mr. Guy DeRoze,
participants in the Summer Research Participation Program. A

secondary goal was to explore the —'nduct1v1tv limits for the
gzmples used in Scanning Tunns llnz Microscopy using the &TM
existing in the Phillips Labtoratory, and will not be discussed in
this pap=sr.

The preliminary steps necessary to be able to carry .out an

HAFS actuzl sample data =2cquisition at a gynchrotron include

Synchrotron Sslection

gm Lins sslection

u prepogal and approval

Safety approval

User financing

Experimental design, including =ample preparation and
selection of spectroscopy and apparatus availability.

Scheduling of experimental tEim= with beam line
personnel, including besm lins training in safety and operation

For orientation, background information taken from the NSLS
literzture and relazbeled 3= Figure 1 is reproducsed on  the
fzllowing page. !

The steps above must be completed prior to actuzally
cbtaining data and will not be discussed in detail in  this
report. In our case 5 dasys were scheduled from 7-12 August,
19¢1. AP, wvaricus =standards, and cther runs were completed at
Brookhaven National aboratory at the Naticnal Synchrotron Light
Source (NELS), Upton NY during that time. The items to be
discussed in this 1report are concernsed with the eguipment
alignment, datz acguisition, and some of the problems arizing
during the actual run pericd. Additiconzl detziles as to the data
reduction will be found in the report by Guy A. DeRose to RDL.
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X-ray Absorption Fine Structure

XAFS 1is the short hand algorithm for both Extended X-ray
Adsorption Fine Structure (EXAFS) and X-ray Absorption Near Edge
Structure (¥ANES) or as iz it sometimes called Near Edge X-ray
Abscrption Fine Structure (NEXAFS). EXAFS ag practiced for
surfaces 1is called SEXAFS and uses Auger electron detection.
EXAFS, the earliér technique is the generation of cutgoing
gpherical photeoelectron waves of varying wavelengths following
photoemission and the subsegquent backscattering from nearby atoms
in coordination shells and the analysis of the resulting raw data
to provide elemental coordination distances and numbers in
crystalline and modeztly discordersed samples. All XAFS
technigques are commonly practiced using the high intensity SR
sources (typically 10 billion photons per second). The
Bremstrahlung radiation arising from bending magnets forms the
white radiation of the beanm line used (X-19A) for these
experiments. The beam line has Si (111) oriented gingle crystals
used 2= a monochromator to be wavelength tuneable to scan the
absorption as a function of energy through and between various

by a polarized x-ray source, not uzed in these first

ince the samples were powders of =zll orientations.

ine was selected for its specialization to 1low

energies and ites availability with known perscnnel. It was well

guited +to our needs since 2 fesdback system made vertical
r

translation of the sample unnecessary zas the snergy was scanned.
It suffered from havin very limited on-line data analysis.
Figure 2 on the following page give ¥-19A beam characteristics
and octher data

The XAFS informztion may be obtained in transmission,
flucreszcence emissicn, photoslectron emission, with X-ray,
electron or ion detection using ion chambers or other detectors.

One of the most common and versatile is the Lytle detector, a
combination of transmission and fluorescence geocmetries,
commonly using ion chambers and optimized for the 3d transition
series and wusing Scller =slite and x-ray K beta filtering
techniques. For our experiments the Scller slits serve no useful
purpcse and no simple filt