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INTRODUCTION

When alloys of the group IV-B elements Ti, Zr, and Hf and other
transition metals, most notably V, Nb, Cr, Mo, and Fe, are quenched from
the high—femperature bee solid solution, fhe formation of the equilib-
riun hcp alpha (a) phase is often partially or completely suppressed.
Instead, a metaétable phase, termed omega (w) is formed. Two different
types of w structures have been identified: first, there is revefsible
athermal transformation which is thought to be a diffusionless displace-
ment controlled reacfion; and second, that which develops only upon iso-

thermal aging. Initially, interest in this transformation was generated

RPN O A TN 0 B AR R A, AR TR L P e R Wmt‘)k?@’""“f Ml d

from the observed embrittlement effects and enhancement of superconducting

properties accompanying the precipitation of w. 'However, the more recent
‘interest in the athermal transformation stems from the inherent mechanical

F instabilities of the bcc lattice and its relationship to the bce-hep

st

' transition. Furthermore, it has been suggested that the w-like fluctua-

ook
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T

tions serve as precursors to some bcc martensitic transformations. Over
the last twenty years several experunental and theoretical studies have
been undertaken in an attempt to determlne the precise nature of the
athermal transformation. The research presented here was initiated in
order to test one of those theories.

During the course of this study, sevéral techniques of micro-
Structural analysis were developed, refined, and standardized. Grouped
inder the general classification of Analytical Electron NtcroscopJ they

Provide the experimentalist with a unique tool for the microcharacteriza-

LA

tion of solids, allowing scmiquantitative to quantitative analyses of
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v

T v b Ly

DT T 1 g S 1T I T e O

CAETETL




. £
f 14
the morphology, crys‘tallography,i elemental compositiem, and electronic
structure of regions as small as 20 & in diameter. As these tools were
still im their infancy when this work was initiated, it was necessary
to spend considerable time and effort in deveioping these methods into
state-of-the-art analytical techniques, and this work cumprises a major
portion of the research described herein. The microanalytical tech-
niques employed during this study include: energy dispersive x-ray
g spectroscopy (EDS) using both conventional and scanning transmission
":i electron micrsocopy (CTEM, STEM), transmission scanning electron dif-
3 fraction (TSED), the stationary diffraction pattern technique, and elec-
i .
i tron energy loss spectroscopy (ELS) using a dedicated scanning transmis-
3
sion electron microscope (DSTEM).
g
:5,
Y
g
:

i
1
A
3
§
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CHAI'TER 1
1. GENERAL PROPERTIES OF THE OMEGA PHASE IN ZIRCONIUM-NIOBIUM

1.1 Background

A partial phase diagram for the Zr-Nb system is shown in Fig. 1.
At high temperatures there is a continuous series of bcc solid solutions
(8) from pure zirconium to pure niobium. On the niobium-rich side of the
diagram above the eutectoid temperature there is a miscibility gap |
extending from 17.5 to approximately 85% Nb. The terminal zirconiium-rich
solid solution («) phase is hexagonal, but for alloys of less than 7% Nb
the hcp phase is replaced by a martensitic form (a”) of a. On quenching
the higher niobium concentration alloys from the bcc solid solution,
the o and o” transformations can Be partially orvcompietely suppressed and
a bcc phase can be retained. This solid solution then decomposes into a
metastable structure called the omega (w) phase.’ The transition tempera-
ture (Tw) for this transformation! is also shown in Fig. 2..

Early studies using x-ray diffraction techniques have shown’
that » is an hexagonal pﬁase with the following orientation relation-

ships?™ to the parent bcc matrix:
[0001]wll[111]ﬁ_ ~' and [1120]w“ [110],

The unit cell can be indexed hexagonally with three atoms at the posi-

i 1 21 . .
tions (000) and i{§3 3 3ty Here u is the displacement necessary
T “‘F‘”""*’i: AR i SR S ok R «\{a-’r*‘xé";'ﬁ?‘f'—d‘?”%’f}?’!’@?sgk’x;@:_:‘,v_, gt
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Fig. 1. Phase Diagram for the Zirconium-Niobium System.
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along a <111> direction to convert the bcc (u=0) to the hexagonal lat-

PN

tice {u = %J; Figure 3 is a sketch of a {110} section of a bcc 1attice
illustrating the relationship between w and 8. From this figure, one
can see that the rearrangement necessary to convert 8 to w involves only
the céllapse of two adjacent {111} planes while the third pldne remains
fiﬁed. Since there are four equivalent <lll>directions in bcc, four dif-

ferent variants of w can develop.® Two forms of w have been reported:

(1) the athermal transformation which occurs by a diffusionless struc-

tural change of the bcc lattiée, and (2) the aged formed by annealing

i B e
oo s £ 20K P o

specimens containing either the athermal or as-quenched bcc phases at

e

temperatures between 200—400°C.
Using transmission electron microscopy, studies of the fully aged
omega phase in Zr-Nb> and Ti-Nb® systems have shown that this phase con-

sists of incoherent precipitates lying on {111} planes of the retained

o S T N TR e TR

8 phase. All four variants were seen to develop equally in both sys-

tems; however, the morphology of the precipitate shape varied with alloy

system. In Zr-Nb, the precipitates were in the form of platelets

~ 1000 R in diameter and ~200 & thick, while in Ti-Nb ellipsoidal parti-
cles (~ 1300 & long and 500 R in diameter) with the major axis parallel

to [OOOl]w = [lll]B,were observed.

The athermal transformation in alloys of Zr-Nb, Ti-Nb, and Ti-V

R N T TS A YO SR

has been under investigation for a number of years by Sass and his co-

vorkers.? 13 From their dark-field TEM observations they concluded that

e T a0 Y

the morphology of the as-quenched athermal w consists of 10-15 & diameter

ii
¢
{
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Fig. 3. Schematic Diagram Illustrating the Crystallographic Rela-

tionship between the B and w Phases in an (T10) Plane.
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particles spaced 15-25 R apart arranged in rows along the <111> direc-

v

tions of the bcc lattice. Furthermore, these rows tcnded to cluster

R YT A T

into different domains, the domain size and number of particles/Tow

decreasing with increasing solute content.

The results of diffraction experiments are summarized in Fig. 4,

where a sketch of a typical {110} electron diffraction pattern (x-ray

P et NI Dral b LaeTodial

and neutron diffraction display similar characteristics) with reflections

corresponding to a single [111] w variant is shown. Two types of reflec-

tions are observed: (1) sharp diffraction spots which are common to

D Gt L
© e e e

-

both the bcc and w structures (solid circles in Fig. 4), and (2) reflec-

tions due only to the presence of the w phase, hereafter referred to as

B i

the w reflections. Above and immediately below the transition tempera-

ture (Tw) these w reflections appear as diffuse peaks elongated perpen-

o gy | Mo O

dicular to the [111] direction. These peaks are also offset from the

s e R

ideal hexagonal w position'(kw), the displacement (ak) being away from
the bee matrix reflections along the [111] direction. Upon cooling the
sample below the transformation temperature, these peaks shift toward .

i their ideal positions and corresponding increases in intensity and sharp-

ness have been observed.!"

Using neutron diffraction, Moss et al.l5 have observed diffuse

P T

peaks at the w positions at temperatures of 1000°C (~ 975° .above Tw).
; Their measurements indicated the existence of a strong elastic component
' in the diffuse w peaks; this result led them to conclude that a

quasi- statlc w- 11ke partlcle exists even in the bcc solid solution.

Thcy also p01nted out that the dlsplacements "of the diffuse w'peaks T T

e
e Ry gy
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Fig. 4. Schematic Diagram of a {110} Electron Diffraction Pattern

©f a Sample Containing Both the g and w Phases. Only one <111> w variant

is shown for clarity.
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- role it determining the nature of the transformation.

10

observed are near a point in k-space (km) which is a minimum in the
phonen: dispersion curves of the pure bcc transition metals, such as |
niobiim, the suggestion being that lattice vibrations play an important
Batterman et al.l® confirmed the existence of elastic scattering
at the v positions using a Mossbauer scattering technique. In addition
they also detected an inelastically scattered peak which was revealed
by the higher (energy) resolution of this technique compared to neu-
tron scattering (1078 versus 107> eV). They were able to show that the
inelastic scattering was not merely thermal diffuse scattering (TDS)
‘but: was inherently relafed to the w producing phenomenon. In an exten-
sior of this study Lin et al.l? determined that in alloys of Zr-Nb the
elastic scattering is peaked at the positions which corresponded to the
offset w reflectionsA(km) while the inelastic scattering was always
centered at the exact hexagonal positions (k). This implies that not
only are quasi-static, particle-like distributions present but also

that dynamical (time-dependent) fluctuations exist in the bcc lattice.

1.Z Models of the Omega Transformation

The first model of the w transformation was proposed by Hatt and
ROberts“ in 1960. Based on their x-ray diffraction measurements, they
suggested that the transformation was accomplished by g11d1no {112}

planes along <111? dlrectlons in a cooperative manner. Figure 5 is a

sketch of the ’110) planc of the bcc structurc show1ng the {117}

acklno sequence of six plane> (labeled 1, 2 3 4 ,5,6 l,-,3 ----- ). The
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in the [111] and [II1].directions alternately as shown in Fig. 5; The:
glide component g is the displacement necessary along <l111> to create
the w phase and for the ideal hexagonal structure is equal to f%-dlll
é g ag- In the interpretation of their x-ray results they alsa
showed that the w morphology was rod-like with the major dimension being
parallel to a <111> direction.

In 1970 deFontaine!® formulated a geometrical description of the w
phase transformation which serves as the basis for all the current theo-
retical treatments. fn this description a %-<111> longitudinal dis-
placement wave (or equivalently a %—<112§ transverée:wave) modulates the:
bce lattice by causing a collapse of {111} planes as illustrated im
Fig. 6. The amplitude of the displacement wave necessary to produce the:
8 » w transformation is a/6 (v0.5 R). This description has the advamn-
tage that it lends itself readily to a lattice dynamics interpreta-
tion of the phase transformation.

In the same paper‘deFontaine18 outlined a theory explaining why
such an interplanar collapse model was feasible. Expressing the elastic
free energy of the bce solid solution in a harmonic form, he demonstrated
that vibrational instabilities (i.e., atomic displacement waves: whose
amplitude increases with time) would develop for those waves withiwaye
vectors in the vicinity of k {% <111>].

In order to arrlve at these rcsults deFontalne had to assume:

, 5Pec1t1c sets of atomic force constants uhlch were obtalned by u51ng the

long wavelength relations of the microscopic theory of inelasticity.19»20




A5 R T T

L e SRR P I T YT

P et

T e S

+

DISPL ACEMENT
@)

[

Fig. 6. DeFontaine's Displacement Wave Description for the

Formation of the w Phase.

13



.

A

PSR - A

TR alic ac A Sl

SR APy

T

o

eI

N Al I Sl Tty

T L ek A H e AR e G S i i ALt

B Pt e v

e L

et BT T £ W T s AP SRERRL Y e TR i g

AL LTI IR T

14.

He then:showed.that:such.combinﬁtions:correspondéd.to a. softening or
vanishing of the. elastic moduli Cyy and C”(= [Ciy —C121/2) . At virty-
ally the: same time Fisher and Dever?! presented. evidence showing that
the magnitude of the shear modulus C” was closely related to the stabil-
ity-ofithe=bCC'transitioh.metals, particularly with~regard:tq the occur—~
rence of martensitic and omega phase transformations. They- pointed: out
(1) that the value of C” is related to the electron population. of: the:
d shell of the transition metals and their alloys, and (2) that the
g + o and é + w phase transformations were clearly associated with a
. reduction or vanishing of C°. Further work by deFontaine et al.2z
pointed. out. that the transformation is not in fact a lattice instability
but:rather-a.metasfable state of the 8 structure. If the bcc structure
were.truiY'unstable, which would correspond to a vanishing of the elas-~
tic constants, then the entire crystal would transform catastrophically
ta w once the transition temperature is crossed. In fact, this is never
obserVed.experimentally; instead, only localized events are obsexved.
Using the measurements of Fisher and Dever,2! deFontaine et al.?? then
obtained a consistent set.of’étomic‘£0rce‘constants:which,yieided.CQHS
tours of low elastic energy in the kespace_regions near"kmlwithgut
forcing the drastic softening of C~.
Although deFontaine's theory qualitatively explains the diffrac-'
tion effects observed in w forming alloys, three additional models have
been proposed in an attempt to accurately describe the transformation

. wechanism... They, are: .. (1), Vandermeulen and Deruyttere's?3 proposal
) 1), Vandermeulen and Deruyttere's®® proposal = -

where ideal w particles are formed having faulted structures at their
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ends, (2) Borie, Sass and Andreassen's24,25 nodel of ordered sub-
variants within a single variant, and (3) Cook's26,27 gnharmonic Landau

model of first-order phase transformations. Each of these will be

discussed in succession.

In a study of a Cu-16.5 at. % Sn-alloy, Vandermeulen and |
Deruyttere?3 noted that when the-high—temperature bce phase is quenched
to room temperature an w-type transformation occurs, and electron dif-
fraction patterns similar to those reported in titanium and zirconium
alloys are observed. In order to explain the diffraction effects (i.e.,
shifts of the w reflections away from kw) they proposed a physical model
of the w phése which consists of a periodic distribution of ideal w-like -
particles separated by small faulted regions. This faulting of the
structure is accomplished by disrupting the w-forming displacement wave
periodically by a displacement function which 1s incommensurate with the
kw vibrational wave. This is shown schematically in Fig. 7. The usual
w wave which modulates the (111) planes of the bcc lat+ tice is shown in
Figs. 7(a) and (b). If the displacement wave is interrupted by the .
insertion of a dlsplacement function with wavelength > 1 kw [ g kw]
the structure of Fig. 7(c) and (d) [7(e) and (f)] is obtained. These
two incommensurate dlsplacement functions are essentially faults in the
W Structure and are de51gnated as type 1 {k = i—k J and type 2 [k = %—kw}

faults, respectively. If one assumes that these faults occur in a

Periodic manner throuqhout the crystal thcn 1t 1s poss1ble to calculate . . ..

" the ¢ffects on an electron dlfr"actlon pattern The results of such a
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. calculation of the diffracted intensity for a type 2 fault.is illus- .

trated in Fig. 8, where the diffracted intensity along a <111> direction

is plotted for regions about the [0001]w, [OOOZ]w, and [OOOS]w = [222]8 —

reciprocal lattice points. Although the model does correctly predict a

shift of the [OOOl]w_and [OOOZ]w reflections away from the ideal kw posi-

- tions, it also unambiguously predicts the development of satellite peaks

off these shifted reflections. In the electron diffraction patterns
presented in their work no such satellite intensity is apparent nor to
date have such observations been reported in the literature. In addi-
tion, Vanderneulen and Deruyttere fail to explain the mechanism of the
formation of such faults and their required periodicity.

In a similar attempt to explain the diffraction patterns observed

from the athermal w, Borie et al.?%>25 have proposed another purely geo-

metrically based model of w. Their analysis was based on two assumptions:

(1) the entire sample transforms into the w phase (which as pointed out
previously has never been achieved experimentally), and (2) within a.
single <111> variant of w a preferential ordering of subvariants occurs.
The possibility of the exisfencé of subvariants can be easily demon-
strated by the drawing in‘%ig. S. Shown here is the ABC packing sequence
of {111} planes in becc materials. Clearly there are three equivalent
ways in which a given <111> variant of w can form — that is, the un-
shifted bcc plane can be either A, B, or C and the feasibility of sub-:.

variants is apparent. ‘Calculations of diffuse intensity‘by Borie et al.

showed that if a preferred order of subvariants occurs along the [0001]
. w

= [111]B direction then shifts of the w reflections as experimentally

TR N
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Fig. 8. Calculated Diffraction Intensity Along <222>p Direction
| )
A an {011} Reciprocal Lattice Plane after Vandermeulen and Deruyttere.23
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observed can be obtained. The ordering sequence of subvariants neces-

sary to produce this effect is as follows: W), w3, Wy, ...... . Here

an w; subvariant corresponds to the subvariant formed by fixing the A

plane and allowing the B and C planes to ccllapse; likewise the w, and

-

w3 subvariants correspond to the B and C planes remdining fixed, respec-

tively. Recently, using a high-resolution lattice imaging technique,

Chang, Krakow and Sass!3 have observed the existence of subvariants with-

in a single [lll]w variant; however, they were not able to show the

existence of any ordering between subvariants. Although such a purely

crystallographic solution to the diffuse intensity problem is valid, it

is not unique nor, as with the model of Vandermeulen and Deruyttere,

have arguments been presented to justify the existence of such an

ordering phenomenon.

. In a series of papers published from 1973 through 1975 Cook26~29

has presented one of the most unified explanations of the g phase

rransformation. Beginning with thermodynamic principles he accounts

not only for the observea experimental details but also prespnts a

oe

chanism by which the transformation can develop. For brevity's sake

an earlier one-dimensional anharmonic planar lattice model?7 will be

Stlined instead of the three-dimensional formalism presented in his

|ore recent publication. 29

Of significant importance to the understanding of any phase change

i materials ig the natur° of the transformatlon —-ndmelv, is it of

frst'or Second order) Based on symmetry arguments and the Landau cri-

itrion for the nature of phase transitions, Cook points out that the
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w transformation.cannot: be: of: second order.. The arguments: supporting:
this assertion are. that:'in.the: Landau formalism*%he:free?energy'offthef
"system and hence the: structure:of the lattice must be symmetric:with:
respect td interchange;offfheforder parameter  (n) from:positive’td‘nega%-
tive values (Fig;.lQ)}. Tﬁelorder parameter is’ a means: of: indicating;

the degree of completibn:offthe transformation.and.for the: case: of omega:
n can be related to the. amount of collapse of the. {111} planes: of: the:
bce phase; wheh n =’l:the:w structure is obtained.. deFontaines! dis=-
plaéement Qave model is réadily adapted to this. treatment by allowing:
the amplitude of the displacement wave (hence the degree of collapse)

to be governed by the.modified.expression

: B Y e
U115 7 N g sin (ke @

One can see from Fig:.11.that:the structure obtained by modulating: thes
bce lattice using a.positi&e:n-(omega) versus negative' n- (anti-omega);
1s clearly different:and:hence:the transformationcannot:be: of: secondi
order. |

As in any changg;ofjstate.the most stable-structure:is: that:
which minimizes the free:energy of the system.. For-the:case:of w,.the:
change in free energy (AF) in:going from .the B to;w.phasesscanibee

®Titten in the form:

1 1. 1 ST
AF=_ B . e () e . !
20 %55 Y Y ROk Y Yy Y T 0 (1.2)
o where', “represents: the displacenent avay Erom the bec contigurations

and ¢,

ij S are the isothermal.coupling parameters (or. force. constants)
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Since

“which describe the response 6f the systén to this’ ‘a‘ispiééeiﬁéﬁt‘; " Sir
deFontaine's model already specifies the displacement field, it remains
only to determine the values of the coupling parameters in. order to
calculate the relative stability of a given configuration.
| Values of the-¢ij's are obtained indirectly usuaily by fitting
theoretical calculations of the response of harmonic or anharmonic crys-

tals to a vibrational wave (i.e., phonon dispersion curves). The

results?? obtained by fitting the Fourier transform ¢ (k) of the second-

order force constants (¢ij) to the square of the longitudinal phonon

dispersion curve along a [111] direction in k—spacé are shown in Fig. 12.

As was pointed out by Moss et al.!> a. relative minimum occurs in the
(k) curve for the bcc transition metals, at a wave vector km which is
just greater than the ideal w forming wave k . Cook was able to show
that, as a consequence of this, a displacement wave in the vicinity of
f can actually lower its energy by shifting its wave vector to k 0
rather than remain at kw (Fig. 13), the ideal w-forming wave.

This shift of wave vector to km has a pronounced effect on the
predicted microstructure of w;'no longer is the crystal subject to a
displacement function thch is in perfect registry with the lattice but

rather to a wave which ultimately creates a modulated structure alter-

nating between the g8 and w phases. This can. be seen by considering the

effects of an w-like wave,

Ugg1s = 0 g sinfkex] =0 $sinf(k, + ak)x] . (1.3)

which can be rearranged into
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Ugq11> =0 %5{cos[Ak-x] sin(k -x) + sin(ak-x) sin(k_+x)} . (1.4)

t

i The first term Qf this equation yields a cosine modulated standing wave,
: which creates locally alternate regions of omega and anti-omega (Fig. 14).
The second term peaks between the w and anti-w regions and represents a
transitional structure between the two forms. Using this, Cook was able
to outline a possible nucleation process for the B to w reaction; this
is shown gréphically~in Fig. 15. Above the transition temperature (Tw)
quasi-static fluctuations in the bcc lattice with wave vector km create
alternate regions of w and anti-w. Both these structures are unstable
relative to the bcc phase and are continually forming and decaying
(Stage 1). As the temperature reaches Tw this unstable structure splits
‘(Stage 2), the w-forming part becoming stabilized, and the anti-w state

decaying away rapidly. Interestingly, the formerly anti-w region, in

reverting back to the bcc state, now becomes eligible for the formation
of w as the vibrational mode "flips' in sign (Stage 3), allowing it to
become » forming. Interspaced between these regions of w are areas in
‘ which the displacement wave has not reached the critical size for nucléa—
f tion and therefore remaining, on average, bcc.

This model predicts a long-range periodic structure immediately
below Tw consisting of alternate 8 and w regions, where the period of this
structure is governed by the initial offset of km~from kw (Ak) or about

25 R. As the temperature drops well below Tw, increases of the third-

order anharmonic coupling parameter with respect to the harmonic force

constants will begin to shift stability toward the ideal kw wave and
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.wg{ﬁé'ﬁﬁfé'Qhétfuttﬁfedwill become stable relative to the long period

structure.
Using this theory, Cook was able to account for the detai}s of
the diffréction experiments discussed previously: namely, (1) the

initial offset of scattering (Ak) from the ideal wave vector kw,

(2) the pronounced diffuse streaking perpendicular to <111> directions

in k space, and (3) the subsequent shift of the w reflections toward kw
with related increases in intensity and sharpness on éooling. In order
to test the.applicabiiity of Cook's theories on this transformation, a
series of inm-situ thermal cycling experiments were proposed. If a long-
period metastablé w structure deﬁelops just below Tw, then it should be
possible to detect an ordering/disordering phenomenon in an w-forming
system through in-situ experiments in an electron microscope.

The nature of phase transforﬁations in most materials is usually
complex, generally involving changes in structure, composition, and
morphology. It-is, therefore, extremely iﬁportant to be able to com-
pletely characterize all the details of a particular trénﬁfonnation. As
such, analytical electron.micréscopy-plays an.essential role, not only
with respect to this study but also in essentially ‘all fields of mate-b
rials research. Thus the details of analytical techniques invéstigated

during this research are presented in Chap. 2 and comprise a substantial

portion of this thesis.

s o2 BT 33 e

S T AN et e ey T A

RS e o

EPTY)




:
?,
!

|
)

Ak o sialion i R

Ao Sl o)

S A phiacl pt alie e S

AR

B P T I g Y e

31
2. ANALYTICAL ELECTRON MICROSCOPY

2.1 Introduction

Transmission Electron Microscopy (TEM) has, during the last two
decades, proven itself to be an extremely powerful tool for the study of
the microstructure of materials. Through the use of electron diffraction
experiments 1t is possible to‘both observe and characterize a variety of
crystalline defects and solid state processes and thus correlate their
presence with macroscopic properties. Yet the information obtained about
the specimen from such experiments represents only a fraction of that
produced by the electron-solid interaction, and the products of inelas-
tic scattering yield additional information concerning the elemental,
chemical, and eclectronic state of the material under investigation.

This information is released from the specimen in various forms — for -
example, the production of secondary, backscattered, and Auger electrons,
or in the generation of characteristic and continuum x rays and in fact
even within the transmitted electron beam which incurs characteristic
energy losses during each of these processes. Analytical Electron
Microscopy (ARM) is the termAwhich is now applied to the microcharacter-
lzation of materials using as many of these eiectrqn-solid interactions -
as possible. |

Although inéfrumentation has been developed:over the years for
materials characterization, there has been one common limitation —

Namely, spatial resolution. Prior to a few vears ago, analytical spatial
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. m»qh_uﬂ«resolutionawasnlimitedAto"the~2@t0ﬂ5~um*Tange: “Recent~advances in =T
electron-optical design in the field of scanning transmission electron
microséopy,(STEMjIéoupled with the development of field emission electron

sources, provide extremely intense and small electron probes (< 10 K)

and have allowed a quantum.jump to occur in analytical sensitivity and
;spatial resolution. State-of-the-art instrumentation now affords the
possibility of analysis of regions down to the 20 R level depending on ;

‘material, technique and instrumental factors. At the time at which this

I e O VR T

research was started AEM was in its infancy and the various analytical

techniques showed great potential. This chapter describes the work done

DAL AN

in developing, refining, and standardizing several of these techniques.

In many cases, contributions (i.e., fundamental physical equations) have
been collected from the literature, and these sources are appropriately

referenced in‘the text.

(il AT L O

2.2 X-Ray Microchemical Analysis

The interfacing of a solid-state Si(Li) energy dispersive X-ray
3 spectrometer (EDS) to a transmission electron microscope provides a con-

venient means of measuring the characteristic x-ray emission (for ele-

ments of atomic number Z > 12) from microvolumes of material. By mea-
suring the relative integrated peak intensities obtained by irradiating
various regions of the sample with the electron probe, it becomes a simple

Matter to obtain qualitative microchemical information. The interpretation
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"of these data in terms of quantitative analysis requires, however, care-

ful consideration of both experimental procedure and theoretical correc-

tions, and is the subject of this section.

2.2.1 Theory of Quantitative X-Ray Microanalysis

Several methods of reducing measurements of characteristic x- ray
emission into quantitative chemical analysis of thin samples have been
developed over the last decade.30—%1 Generally, all of these procedures
Tely on the validity ofﬁPhiliberth "thin-film" approximation which
states'that.for.a.sufficiently'thin specimen the effects of energy losses
in the incident electron beam, electron backscattering, x-ray fluorescence
(both by characteristic:and continuum radiation) and X-ray absorption can.
be ignered. Using this approximation, one can show that for a homogeneous
sample composed of the elements A and B the ratio of any two characteristic
x-ray peaks [e. I /I J is independent of sample thickness; it is

dlrectly proportional -to the relatlve concentration ratio of those elements

that is:
IK.a C A
K AB C :
I‘éa ' B ‘

Here 5AB.is:a constant for a given binary system, Iza the intensity of the
R& (or Ma,ALa, etc.) characteristic X-ray emission from element A and CA
the composition ih'weight;percent of element A in the compound AB. In the
Past it has been the accepted procedure to consider an electron transparent

ecimen to be "'thin" in ‘the Philibert sense; 32 however, Jacobs and
Sp

Baborovoska, 33 Zaluzec and Fraser,“2%% and Goldstein et al, 45 have shown

*\: t';a,'.‘_:}' 4
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that this is not generally valid. These breakdowns of the simpler analyt-
ical models range from failures of the thin film approximétion, which

can be accounted for theoretically, to experiﬁental details which can

3,44

only be corrected by instrumental modifications."

The theory outlined in the following section is concerned with

determining the variation with thickness of the relative intensity ratio

of two characteristic x-ray lines. Since a ratio of intensities is being

calculated, rigorous treatment of several parameters such as electron

“backscattering, transmission, and beam broadening is not required. This

is due to the fact that these processes affect the generation of x rays
for all elements equally. They will however be considered at the
appropriate times.

The generation and subsequent emission of characteristic x rays
from a material depend on the ﬁroduct of three terms commonly referred
to-in the literature as ZAF corrections. These terms describe the basic
processes by whiéh the characteristic x—fay intensity 1s infiuenced —
namely the atomic number effect (Zj, the absorption correction (A), and
finally fluorescence (F) emission. The calculation of the atomic number
correction is always necessary as it reflects the inherent efficiency of
x-ray generation by electrons for various elements. The absorption cor-
rection, on the other hand, accounts for decreéses in detected intensity
due to the fact that x rays are absorbed in leaving the specimen and thus
is directly tied te the sample thickmess. Lastly, the fluorescence texm

deals with the probability that on absorption x rays can 4lso simulate

34
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g~ - characteristic emission.” Clearly; if the sample béecomes “thin enough such™ " " TR
that the absorption correction is small, the fluorescence term must in
turn be negligible. However, the converse does not always apply. That
is, it is possible to have measurable absorption effects with little or
¢ no fluorescence correction. The "thin film" approximation reduces to a
§ calculation of the atomic number effect, which for the majority of TEM
: \ ’ +
specimens becomes the principal cerrection. The inclusion of absorption ]
and fluorescence becomes a specialized but important case of TEM-based £
microanalysis. Rigorously, the calculation of these effects should be i
evaluated along each electron's path within the sample. However, within Z
; . %
? the present set of experimental errors, a reasonable approximation ]
K results from an integration of these factors ’g_hrough the sample thickness. 1
]
i 2.2.2 The Atgmic Number Correction :
Consider a homogeneous sample of the elements A and B. The total i;
}7 number of Ka characteristic x rays of element A generated within the
§ ~ '
3 infinitesimal slab dz by electrons which have traveled a path length z
by
A within the specimen can be written as:
¥ .
by K - C K
1 a 7 . = K.M . . Ko ao "
3
i c o . _
¥ Here Q, is the ionization cross section of the K-shell of element A;
j - . ‘ <
% Ng,p, CA’ and WA'_are, respectively, Avagadro's number, the sample den-
A
g Sity, the concentration in fractional weight percent, and the atomic
; weight of A, n,n(z) the number of electrons bombarding dz, wi the K- :
- K ' -
shell x-ray fluorescence yield of A and an and Ka fraction of the total ]
i
R
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”‘?' “k-shell ‘emission. For'the'remglnder‘of‘thls Secticn the discussion will ‘?%
§ consider the emission of Ka characteristic x rays; the extension of La %
% or other shells can be obtained by substituting the corresponding terms ~§
%ﬁ for that subshell in the appropriate equations. ',g

Various expressions have been suggested for calculatiﬁg the param- %
; eters in Eq. (2.2). Most of these have resulted from considerations of %
quantitative x-ray analysis in bulk specimens using electron energies in %
: z
% ' the 5 to 30 keV range typically found in electron microprobes. Generally g
; these relations were'éeveloped to obtain analysis for either the case of %
5‘ infinitely thick (bulk) specimens in which the electron probe'stops f%
%’ complefely, or infinitesimally thin samples and hence negligible energy 'g
ﬁ loss. Although those aﬁalyses are indeed applicable to the cases consid- ;j
ered, the question of TEM-based x-ray analyéis dictgtes the consideration f%
! of the interaction of fast (i.e., relativistic) electrons with not thin, ’§;
;? but rather semi-thick targets. .§
g‘ Several analytic expressions have been proposed in recent years %
g as approximations to fhe lonization cross section for use in the atomic !
,; numbef correction. Generally all of ;hese equations can be written in
i the form
5 y K XK £
o Qe =ﬂ;:;é;_a,m{b;.§; , (2.3)
g A A I:A | ‘
% which relates the pfobability of a K-shell ionization event [QX(EO)] to
% the incident electron energy (Eg), the critical excitation energy of the
% K-shell E; of A, the number of electrons in that shell ZX, and two
%
¥
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e gt e S R
constants a’, b, which are related to the atomic structure of A. Since

the calculation of the parameters qX and b; is non-trivial“®,47 for all
clements with atomic number greater than Z,Aconsidgrable discussion over
the optimum choices for these constants can be found in the literature.*8-5%
The most recent review of this has been given by Powell52 for electrons
in the 1 to 40 keV range.

It has been the general procedufe to obtain values for these con-
stants by fitting Eq. (2.3) to experimental measurements of Q;. Although
it is perfectly reasonable to obtain the values of a%

A
procedure, there is an important limitation to be considered. Thus,

and b; by this

the empirical constants obtained using this method are only applicable
over a specific energY range and for a specific element. Furthermore,
Eq. (2.3) must be reconsidered for application to analytical electron
microscopy since relativistic effects become impcrtant for electron _
energies greater than 80 keV. Thus for application to AEM, Eq.~(2.3).has

been reformulated as follows:

K K‘(
w,Zy,a ] . Eo :
AQR(EO) = Ei?—;ﬁ}—Jqézn[bR EEJ —-2n[1 —-82] — g2y, (2.4)
' 50 Ep [ ‘A ‘
where |
ay = 0.35
bE = 0.2

A Upr {1 = exp(—y) }+ {1 ~ exp(-8)}

Up = EQ/EX = overvoltage ratio
Lt —1 K
8= 7B

e
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B = relativistic correction factor

when all energies are expressed in keV, the units of Q;(Ed)are cm?/atom.

The basic equation (2.4) was taken from the relativistic treatment
of Mott and Massey,“?twhile the functions az and b; were determined analyf-
icélly by fitting Eq. (2.4) to a series of measuréments of Q;. Figures 16,
17, and 18 compare the predictions of this equation (solid curve labeled
#1) with experimental measurements of the K-shell cross section of élund—
num, 33 nickel-,s‘+ and silver.5® Also plotted on this figure for comparison
aré the calculated values of Q; using suggested parameters for az and b;
using Eq. (2.3). |

The broken curve (#4) in these figures is the Mott and Massey non-

relativistic Eq. -(2.3) with modifications suggested by Worthington and
4.0

1.65 +.2.35-exp(1 — Ug)

which has been applied fairly extensively for several years. From these

Tomlin*® and Burhop®? using az = 0.35 and b; =

figures one can see that this‘expression substantially underestimates
the cross-section values at high overvoltages; howevér, at lower values
1< U< 4) where the expression was formulated the fit is reasonable.
The daéhed curves (#2 and #3) are calculations based on Powell's fit to
a linearized version of Eq. (2.3). Curve #2 is plotted using the con-
stants a; = 0.9 and b; = (.79 which he obtained by fitting Eq. (2.3) to

= 1.05 and

K

A

measurements of aluminum. Curve #3, with coefficients a
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Fig. 17.. Comparison of Experimental Iomization Cross: Sectiom®
S & Function of’ Overvoltage for Nickel. (squares;) to Various: Calctilas-

tions:., (1) Using: Eq.. (2.4); (2),. (3) due to Powell; and (4) due: to>

Mottt angd: Massey..
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SILVER IONIZATION
CROSS SECTION (x10-23)

0 l | ]
1 2 4 8 8 10

OVERVOLTAGE (£, /£y)

Fig. 18. Comparison of Ekperimental Ionization Cross Section
as a Functlon of Overvoltage for Silver (squares) to Varlous Calculations.,

N Us:no Eq. (2 4); (2), (3) due to Powcll and (4) due to Mott and

Massey,
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bz = 0.51 represents his fits to data of nickel. In these figﬁres one
can see that although it is possible to find a set of constants‘(a;, biJ
which represents the exper1mcnta1 data reasonably well [#2, Fig. 1(b)] for
one element, it is not generally valid to ¢xtrapolate these same constants
for elements of a significantly different atomic number (#2, Fig. 17,
#2, Fig. 18). Thus, to use such an approach reduires the parameters az
and b; to bé determined explicitly for all elements of interest. Unfor-
tunately, there is an insufficient ambunt of experimental data to use the
Powell coefficients confidently over the wide range of atomic numbers and
for typical incident beam energies used in analytical microscopy. Thus,
the more complex form of Eq. (2.4) is preferred. It should be noted that
in the context used here, the form of a; and b; no longer have physical
interpretation since -they have been used purely as adjustable parameters.
Comparison of these expressions to L shell data for atomic numbers
greater than 30 is difficult owing to the lack of measurements in the
appropriate energy ranges. Hence, it is assumed that the variation of
the L shell cross sections with energy 1s similar to the K shell. Thus,
application bf Eq. (2.4) is obtained by changing all superscripts to their
respective L shell equivalents and the constant a% set equal to 0.25.50
In order to express the ionization cross section as a function of

Dath length 1t becomes necessary next to consider the rate of electron

energy loss with path length (dE/dz).56~5% In the context to be used here,

it becomes most convenient to use the 1nttqral rather than the dlifcrtntlal o

R

" rfori, which ‘can be. written to a Orood approx1mat10n as:
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'3 ? m mo
5] - ) - @5
% ? where Eg is the incident electron energy, l'a constant and E (z) the
? % elecpfon energy after traveling a path length z in_AB. As this equation
% is only an approximation, the coefficient m varies with the energy;
§ experimenfal measurements show that it éhanges from values of 2 at 10 keV58
§ to nearly 1 at 1 MeV.>® Rearranging this equation, one obtains the expres-
3 § sion for the mean electron energy with path length as
; é E,p(2) = Eo [1 ——]l/m | (2.6)
| ; where zp can now be interpreted as an effective range (evaluated along
¢ the electron's path). Archard and Mulvey®0 have derived the following
é expression for this range |
4 : 4 \
2p = 1.44 x 10°5- WAJ l_.E% ,
. 5z .:_(101.0)-1501 (2.7
t B | 2an L 7
? where W wA, p, and 7 are the average atomic weight, density and number-
; of the compound. Expressing\Eo in units.of kev,'the‘gnits of Zn become
é centimeters. Calculations of x-ray generation have been performed usihg
;' various values of the coefficient m in Eq. (2.6) between the values 1
? and 2 and as long as the path length z is less than 0.5 zp the choice
; of m has little effect. This again is due in part to the fact that ratios
? of intensities as well as high incident beam energies are Being con-
% sidered. A vaiue of 1.5 has been adopted for TEM work.
. The x- ray fluorescence yleld from most clements can be obtained
$%b ith ”CﬂSOWable accuracy from the expression f1r>t proposed by Wentzel61 |
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- — (2.8).

where Z is the atomic nunber and ch a constant for.the shell:in question- :n

It

. L . N A
[ck 1.12 x 10%; ¢ II;'vl.x 108}.62 Another -and more. accurate .representa-::-
tion is the empirical expression®? . -

K V4

N ' L
= A+ BZ +.CZ2°.05 . (2.9).:

1 —-w;

in which the coefficients A, B, and C are fitted to experimental measurez.’:-

ments. In this case the periodic table is broken up into segments .and a. -

set of constants is used to determine wR for various ranges of Z. Since: :: :
it is usually the case that dedicated minicomputers. are used for determin-. -

ing quantitative analyses, it is preferred to use Eq..(2.9). (or tabulated:.:
values®%»65) rather than Eq. (2.8)- Similarly,.as in the.case. of fluores-::-

cence yields, the X fraction of ihe‘totaliK«shell,emission”f:ééldefined;;

as Ka/(Ka + KB)] can be obtained-from polynomial.fits.to'experimental;x;

data®6 or in tabulated form.67—097 "

The last term to consider in the atomiC'number'correctioﬂ;is;j _
nAB(z), the total eiectron flux bombardingfthe.infinitesimaluelemant;dz¢;_
This flux is composed of two parts = firSt;:those_electrons_fOIWard::r
scattered from the samplé volume directly -above dz, -and.second, any..-
electrons which have been‘backscattered'from.deepef‘leuels;é.

The forward-scattered flux -at 4 dcpthit,emitted;into:a cone:of -

semi-angle, n/2, centered about the incident beam direction; can.be"-=

... .Qutained from Bothe's multiple scattérinyg theory:
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f[t,e=%] = f;. {1 ~ exp ‘LZQ— l (2.10)

vhere fo is the incident flux and Ay is given by Bothe as

12— : .
J . et ‘ (2.11)
W
A

22 = 6X155{

B

0

here Z, Eo,'wA are as previously defined, and )g was obtained by an
analytical fit to the experimental measurements of Crowther’? on fast
electron (~ 600 keV) transmission through various materials. Cosslett
and Thomas®8 in a study of electron solid interactions determined that
Eq. (2.10) also fits electron transmission at lower energies (5 to 25 keV)
with A modified to: ; -

E-'ﬁ-t

7
= 1.39 x 10° [g-] C = (2.12)
0 A

\Cr

In both Egs. (2.11 and 2f12), X has the units of radians with Eb expressed
in keV. The difference'in x between these two equations is negligible for
typical thicknesses (0.05 to 2.0 uﬁ) and accelerating voltages (50 to
200 keV) used in most AEM work; as such, Eq. (2.12), being the more recent,
18 preferred |

The backscattered flux across dz will in general be a varying
fraction of the number of electrons transmitted through that layer. This
effect can be represented by a function of depth, rAB(t), which when
ﬁu;tiplied by fAB(t)’ describes the comeosite fluﬁ due to both sources.

For large depths within the sample, where the electrons can be considered

“HS'fﬁii&“ééafféfed;"fxg(tj”ié”amebhétdh£:15iﬁée'aé'méﬁy”eleétrbhé”Will"bé"”””m'”“

i -
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traveling forward as backward, On the.other hand, for an infinitely thin
layer suspended <n vacué r)p(t) must be equal to unity, Philibert3” first
considered this problem and assumed a simple exponential variation for
rp(t):

() = R, = (R, = Ro) ep-kyrort] B CREY
wheré R, is.the bulk (or fully scattered) value and Rp the surface con-
tribution. Assuming a cosine-like angular distribution of electron
scattering he obtained a value for R, as 4. later, based on the mea-
surements of Cosslett and Thomas, which showed the distribution to vary
as cosine squared, Reutef defermined that R_ should in fact be equal to 3,

For Ry, Philibert assumed the simple form

Ro=1+c¢ (2.14)

with ¢ being chosen to match experimental measurements of the depth dis-
tribution of characteristic x rays. Reuter0 succeeded in expressing
Ry as:

0.9)
RO =1+ 2,8 {1 + —_._—J‘T] s (2’15)
5 ; ‘ Sos

0.

22sed on experimental measurements of x-ray emission from thin films

1 bulk substrates. In Eq. (2:15) Ug is the overvoltage ratio and n

*he bulk backscattering coefficient. For the case of self-supporting
hin films, such as TEM specimens, Ry should be further modified to
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é i Thus n in Eq. (2.15) should be replaced by the function n(ty):
5 : :
:;i § / . \
| SRR
; , n(ty) = n fll — exp l-”!\B'tOJ j (2.16)
: i '
i : where ty 1s the total sample thickness in the direction of the incident
§ beam.  n, the bulk backscattering coefficient, can be calculated from |
i % the polynomial equation;“?
; % n = -0.0254 + 0.0167 — 1.86 x 10"%-Z2 + 8.3 x 10°7 z3 (2.17)
é» ; The coefficient “XB can be obtained from the results of Cosslett and
% Thomas. In their measurements they noted that after a sample thickness
% corfesponding to 20 to 30% of the mean electron range n attains bulk 1
E specimen values. Setting ty equal to 25% of the mean electron range ‘
é (Rm) and requiring that at this point n(to)i,O.QS n one then obtains
: .
i the following:
: s L 12.0 )
: Hag & = . - ' (2.18)
5 m
5 Cosslett and Thomas have also shown that R, 1s always less than the
?
: Bethe range (zR) defined in Eq. (2.7). Thus upon substitution of Zp
' instead of R.rn into 2.18 one obtains a reasonable appfoximation for pXB -
as: . }
1 101.Ep
(= e ———
ko -16 (peZf, 1. - 2.19
uyg ~ 1.66 x 10 |\WA 2 . (2.19)
i ... Meuseof z instead of R is 1ot a_serious discrepancy since it,.. . ...
_r‘é, e D e e e e e Ll R ey e e i N - SEE -

€ . .. . . . .
e*fe(:t:lvel)’ resets the defining criterion for the point at which n(to]

is considered a bulk value.
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The last parameter needed to complete the expression for nAB(z)

s kAB from Eq. (2.13). It is noted that this coefficient determineé the
depth at which the total scattering in any direction become; constant
(i.e., the diffusion depth). Philibert and Reuter differ somewhat on
this boint, basically due to their respective sources of information.
Fhilibert's criterion requires that the most probable scattering angle
becomes w/4. Reuter, on the other hand, chooses 38° to be consistent
with the data of Cosslett and Thomas. 'Furthermore, Philibert solves
for the diffusion depth using Bothe's equation for the most probable

scattering angle ep

: 1
B _ 400 f72.th/2
= 2.20
% T g [ A ( )
while Reuter uses the analytic fit proposed by Cosslett and Thomas
3 3k
-2
z ‘Qt]
sCT - 109.5 (2.21)
P A-Eq |

“afortunately, there has been no experimental work to date done on this
Guestion in the 50 to 200 keV range, which straddles these two extremes.
tus for Jow voltage work'(§ 100 keV), Eq. (2.21) is used, while for

Ligh voltage measurement (% 200 keV) ILq. (2. 20) becomes more appealing.

1 both cases, however, the Philibert choice of most probable scattering
“wele w/4 is chosen, since it represents the condition of equal scatter-

W on both the hOllZOHtal and forhard dlrcctlons Upon rearranging,

Vg

e g btdlns the follow1n9 equations for the onset of the diffusion depth

;
R l - -
T Migh and low energies, respectively, as:
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thlgh E WA (TI'EO 2 (2 2)
1; = . .2
diff 5-72  |1600
eor B wyE [ - JZ | (2.23)
diff S.73/2 (438 ’
As with the backscatter coefficient, kAB'is then determined by
settingArAB(t) equal to 95% of the bulk value. Substituting into
Eq. (2.13) and rearranging terms, one can show:
' 1 (_0.05
Knp o m |00 (2.24)
° taiff 1 -2
R_J

!

where tdiff is determined from either 2.22 or 2.23, whichever becomes
most appropriate.

Combining Egs. (Z.Z)Vthrough (2.24) one can begin the calculation
of x-ray generation for a thin sample. Consider first the case of
infinitely thin slab, dz, from Eq. (2.2); the generated intensity ratio

of element A to B is:

K
QZNODCA w;an nAB(z)dz

K, Ko, 4
1, 4y (2)dz i Wy :
< x ) » (2.25)
I a a : Kay — Ke o N
B ¢B (z)dz QBNODCB ngB nAB(Z)dL
\\"B

bdn . - 4.,«,-.4..-. L e SR
YACH simplifies to
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) AL _A_li_i\_i_ A (2.26)
i . Iga Q; W wEfBa CB -
resulting in fhe simple relaticn fhefifo}-en-ihflnitelyiéhlh fil{—rlﬂ‘_che_m“_~
relative lntensity ratio is diré&tl&mbfeﬁorfiehel_eeVlheueeneehtfaéleh;q —
ratio. The constant of proportionalify hefe is‘erfuhcﬁlohtof‘the lohl;ew“
tion cross sections, the atomic weights,-ahdifhe i—ré; yields df the o
elements under excitation. "
§ For a sample of finite thickness to the intensity ratio can.he' .
? written as a ratio of integrals of Eq. tZ.Zj -
i | T o Kh.. | Lo \
7[ ¢ 0L(z) dz <o
NG FoT Lo @.2n
e R :
% B@(to) fto ¢ “(2) dz ;
. both of which must be evaluated alone each electronAs path{wlthln fhé'” ~
; sample. It is important at thlS p01nt to recall'£he£~¢i fgj has beeh .
;: formulated as several constants multlplled by two functlons QA (z) and N ”
: HAB(Z). QA(Z) is a function of path length however nAB(zJ has been o
expressed as a function of depth (t). "The two quantltles are in gene}alﬂvn'--
not equal (path length = thlckness) however for the spec1al casc—ef ~l '!
thin films and high incident beam energ1es the d;rlercnce w111 be emellfi: N )
‘ Thus to a good first approximation‘(for lEM.speeimehs) one-ean eﬁuefeetheuw ‘
wﬁi.ﬂ”\An\t‘O varlables and procecd with tne 1ntenrat10n ‘_f.n;__.;<4;va,-~~w‘< T T T

The results of such an 1ntegrat10n are shown in Fig. 19, which

rey

%25 evaluated by mumerically integrating Eq. (2.27) feor a 50/50 atomic
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100 1

o) ] o | 200 kev
= o - 4 | ‘ 100 kev
< 50 kev

O
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- 041
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REDUCED PATH LENGTH PARAMETER (&= 2/2 )
. r

Fig. 19. Results of Calculation of Ni/Al Ratio by Numerical
Integration of Eq. (2.27) for Incident Electron Energies of 200, 100,

and 50 keV (top, middle, and bottom curves, respectively).

P T s e T

BT ]



@ S AR ST s e D

s _ e e RS o e gk o ot e e A S R o S BNTID T o S BRI e b ¢ R S LT AT e
ST TR L RS o it‘)(?u*@v%%‘wﬁmjr'4\‘3“'5’R‘&;‘»a'%"{@ﬁ;&'{}*ﬁ.,A?-W kS o TIPS e b LS, ?.,« R M AT S e T AW S B DER T S 13 B R IR B 9 4

R

52

percent alloy of NiAl. The ordinate ¢ is a reduced path-length parameter
(¢ =,z/zR) and is defined such that_when its value beéomes unity the mean
electron energy has dropped below the x-ray critical excitation edge.

At this point the electrons have reached their maximum usable range in
the material. Obviously these calculations have been extrapolated sig-
nificantly beyond the point where the path length/thickness approximation
breaks down. Furthermore, once the electron diffusion depth is reached,
the forward scattered flux f(t,n/2) in Eq. (2.10) should in reality be

replaced by Lenard's law of electron transmission

£(t,7/2) = £, exp(—ot) | (2.28)
rather than Bothe's ﬁultiple scaﬁtering theory fgr the sample (here o

is the electron attenuation coefficient). Although both of these

effects should be included in order to accurately describe the generation
process, . their emission at this point will not alter the calculated ratio.
The simple reason for this is that the inclusion of these terms merely
changes the net electron flux crossing a given layer and therefore affects

the generation process equally for both elements. Thus there will be no

-net change in the calculated ratio.

The theory up to this'point has yielded a useful result —-naﬁely
that the generated x-ray ratio is nearly independent of path length
(hence also thickness) fof a wide range of incidenf energies (50 to
200 keV). The slow decrease in thé calculated ratio predicted in the
50 keV calculations of Fig. 19 reflects the fact that as the electrons

1) changes in the ioniza-

n

approach their respective maximum ranges (g

tion cross section begin-to-favorfthe;element'withjthe_lOWGSt.CritiCal,';,z< Sl

et e b ——— e 4 e aee e
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excitation energy (EK). Similar results are also predicted in the 100
and 200 keV calculations; however, scale factors prohibit their observa-
tion. Thus it would appear that for samples whose thickness is such
that the total path length traveled is less than 0.25 Zp, Eq. (2.26)
is ideally suited for quentitative analysis. Unfortunately, the effects
of x-ray absorption must frequently be included in order to correctly

interpret results from many TEM-based analyses.

2.2.3 The Absorption Correction

The inclusion of x-ray absorption effects to the calculation of
X-ray emission is fundamentally a simple concept. The generated inten-

sity, at each point within the specimen, must travel through a finite

" amount of material in order to be detected and, as such, suffers a

reduction in intensity due to absorption. This can be expressed.as

« U .
oy @,1) = ¢Aé(t)-expi -[gJA;’A p-d (2.29)

~

K ~
where ¢Aé(d,t) is the number of Ka photons of A generated at depth t

leaving the specimen after having traveled a distance d within a medium
u Kon,A
°)AB

Eenerated intensity at that depth. The task at hand is clearly to

X : K
of mass absorption coefficient , and ¢Aa(t) is the initial

determine the relationship between t, the depth of production, and d,

the exiting path length, which is solely dictated by the system/sample

The geometry found in most electron microprobes is relatively

| *imple.  The electron probe strikes a plane surface usually at nomal . .. . .
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incidence as is shown in Fig. 20. Only those x rays which leave the
specimen in the direction of the x-ray détector; which is oriented at an
elevation (or‘takeoff) angle eE relative to the sample surface, are
recorded by the measuring system. Thus it‘is an eaéy exercise to show

that the exiting path length d is given by the following equation:

d = t cosec [GEJ , ‘ (2.30)

where t 1s the depth of production. Uﬁfortunately; due to the constraints
on detector size and position imposed by a transmission electron micro-
scope objective lens pole piece, the geometry found in TEM is not as
simple as this. In most TEM instruments the detector axis lies in the
same plane as the speéimen {hence b = O°J and it therefore becomes neces-
sary to tilt the sample through some angle in order that characteristic

X rays generated by the electron probe can leave the sample and reach

the detector system. This angle can be as much as 20 to 30° owing to

the added complications that the specimen stage and supporting mechanisms
also tend to block the line of sight of the detector to the speciﬁen.‘

In some of the newer designs, AEM systems (both CTEM/STEM and DSTEM)

~have been modified such that the elevation angle, Or» is nonzero (+~15°);

however, one must still tilt the sample in order to optimize experimental
conditions. Therefore, the x-ray geometry found on most analytical

electron microscope is shown in Fig. 21, which represents a plane section

© through the sample containing the incident beam direction and the detector

axis. The elevation angle, eE, is defined relative to an imaginary plane

Perpendicular to the incident beam direction and is nominally located at
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Geometry of the Absorption Correction Commonly Found

Fig. 20.
in Electron Microprobeé.
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Fig. 21. Detector/Specimen Geometry for an AEM Instrument.
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the height of_ the midplane of the untilted specimen position. The
inaccuracies involved with this definition of by are obvious since for a
tilted specimen 6g actually is a function of t; however, for typical
detector-specimen distances (v2 cm) and sample thicknesses (0.1 to 1.0 wum)
this error is insignificant: The electron incidence angle Bs is also
‘defined in Fig. 21, as the angle Between the electron probe and the sam-
ple surface. From this figure one can-show that the relationship between
depth of production and exiting path lengfh is given by: |

sin (Bi)

£os [Bi —-eEJ

d ; t . - (2.31)
It can be seen that for the special case of normal incidence (Bi = n/2)
Eq. (2.31) reduces to (2.30). Implicit in this equation is the assumption
that the sample can be considered to be a plane slab of uniform thickness.
Obviously on a macroséopic scale ﬁost TEM specimens do not satisfy this
criterion; however, again considering the scale on which most analytical

work is done (< 1000 &) the approximation is reasonable. Care must, how-

. ever, be taken in using Eq. (2.31) on samples which are severely bent or

having significant thickness changes over distances whose dimensions are

on the order of wg:

wg = tg [sinBi tan(is.1 —-eE) + cos Bi' (2.32)

where wy is the distance between the point at which the incident probe

strikes the sample and the exit point for x rays emitted from the maximum
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depth (tg) of production measured parallel to the incident beam direction -
(see Fig. 21).

The angle of electron incidencé, Bi; is similarly a function of
the detector/specimen geometry. Alfhough i1t 1s possible to determine Bi
using solid geometry it is more convenienf to plot the various'parameters
on a stereographic projection from which the value of B, can be easily
read. In ordér to proceed it is necessary to first define a cartesian
coordinate system within the microscope. The logical choice for'Such a
system is the set of vectors definéd by the two specimen translate direc-
tions and the electron-optical axis, labeled x, y, and z, respectively, in
Fig. 22. Relative to this coordinate system, one can uniquely specify
the position of the x-ray detector using two angles. The azimuthal angle
(eA) describes the relative position of the detector plane (i.e., the
plane containing the detector axis and the electron-optical axis), and is
defined as the rotation in the x-y plane about the z axis of this plane
l g» Was

introduced previously and in this coordinate system is defined as the

-angle between the detector axis and the x-y plane (measured in the

detector plane). Figure 22 illustrates these relationships using a
*tandard cartesian coordinate system, and Fig. 23(a) shows the same rela-
tionships on a stereographic projection.

In the initial nontilted position the sample.normal is oriented

#3rallel to the electron optical axis. Knowing the' amount of tilt and

e rel

ationship of the respective tilt axes to the reference coordinate
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Fig. 23. Stereographic Projection Indicating the Absorption Correction Geometry.
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system it is possible to plot the position of the sample normal on the

39
o
‘«.’

‘

stereographic projection [Fig. 23(b)]. Care must be taken in plotting

R DA

the normal, particularly in determining the position of the tilt axes.

This is due to the fact that in most double-tilt stages, the secondary

] | % tilt axis is usually not independent of the primary axis. This is an

| % important point to remember when determining Bi,_and is readily account-
: ; ed for using the standard rules of stereographic projettion.’! Having

i % plotted the sampié normal, one proceeds to draw in the detector plane

: g and sample plane [Fig. 23(c)]. The angle of incidence, B> is then
; i . A
determined as the angle between the sample plane and z axis measured in

the detector plane [Fig. 23(d)].

E The total characteristic intensity emitted in the direction of the

detector system, including absorption effects, is given by:
. . .
\Ka,A

Ka to-Ka (U _ t '
I, = fo ¢ (z)-exp{— [EJ cpedd dz , (2.33)

R TR

) : . and the intensity ratio is, upon substitution,

’ : ( te « { Yy A — sin(Bi)
i- K TP @ ny @) expl— |5 T et -dz
3 : I,° [CA} [ ] 0o A "AB i [pJAB cos(si —-eE)

o _— = . e £

2 K ; AB ot K sin(B.)

] 1% CB i O.QK(Z). (2)-e _ [y_ “a,B ., 1

] Xp t

5 B L 0 B "AB p]AB i’ cos(Bi —-BE)‘I

A SR S

where
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The mass absorption coefficient lﬁ} for K, x-ray photons of
AB
element A of the alloy AB is defined as:
K N K A v :
u CX.A B a, .
['5]' Te [o} ¢ (2.35)
AB 1=1 1

which is clearly a function of the composition of the compound
under investigation. Ci is the composition in weight percent of

th

K
the i"" element in the sample and [%} oA is the absorption coefficient

for the Ka x ray of A in the pure ele;ent'i. Ob&iously the composition
of the alloy is initially an unknown  quantity; however, it is possible

to determine [%}Ka iteratively. As a first approximation the composition
of the alloy is determined solely using the atomic number correction.
Using these values, a first-order absorption correction is calculated.
The new values of composition are then backgubstituted into the absorp-

vion term and the procedure is repeated until a converence is obtained.

Figure 24 illustrates the change in the intensity ratio expected

irom the NiAl compound previously described with the inclusion of absorp-

tion [Eq. (2.34)]. This figuré can be directly compared with 19, which
represents a calculation of only the atomicfnumber effect. In order to
perform these computations the same approximations used in obtaining
Fig. 19 wére.applied here. Of these, the most important is the path
length/thickness approximation and, as in the case of the atomic number
calculation, the computations have been extended well beyond their valid

ranges. Because of this the results presented for thick films (z 2 0.1)
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should be considéred only as a qualitative illustration of absorption.

In this range thé intensity ratio initially increases due to the prefer-
ential absorption of the lower energy aluminum Ka X Tays (1.48 keV) while
the higher energy nickel Ka lihe (7.45 keV) is easily transmitted.

Ultimately, however, the ratio levels out as the sample thickness becomes

sufficient to absorb a substantial portion of the nickel intensity. The

variation below ¢ = 0.1, the region of interest in most transmission work,

PRSP R APy

however, merits further consideration particularly with respect to path
length/thickaess assumptions.
This approximation was initially invoked because the ionization

cross section was formulated as a function of path length through the use ' b

R S ERTHE S N TS o0 N R T i YT S e Tt ey W RIS 00 W T Y S R TR O G ) 5 04

of the rate of energy loss equations. On the other hand, the net elec-
tron flux across 'a given layer dz waé expressed as a function of the
depth, t, below the electron entrarice surfaée. Obviously these two
variables are in general not equivalent; however, because of the rela-

tively slow variation in the values of the cross section for the energy

BTN A IR AT ARG

R

ranges typically encountered in AEM, the discrepancy between these param-
ters can be ignored. This can be seen by considering the change in ' f
Cross section (Qk) predicted by Eq. (2.4) for moderate (n10%) changes

in energy in the vicinity of 100 keV. Reference to curve 1 of Figs. 16,

17, and 18 shows that only minor changes are observed in the value of Qk
in the region of 100 keV (U = 64, 12, and 4 for‘aIUminum, nickel, and
silver, respectively). Thus, the inaccuracies involved in the calcula-

tions for £ < 0.1 cbtained by equating path length and thickness are




3
E
%

b L

G e

ekt

T

3 el B e

3R SOk

e ¢ G B R, L

65
small. Furthermore, these inaccuracies decrease as the incident energy

1]

increases.

2.2.4 The X-Rav Fluorescence Correction

Up to this point Qe have been‘coﬁcerned with calculating the con-
tributions to charaéteristic X-Tay emission resulting solely from elec-
tron excitation of the sample. It is, however, equally pbésible to
1nduce characteristic emission through an Xx- ray fluorescence process.
Thus hhenever an x-ray quantum of sufficient energy is absorbed by the
sample there is a finite probability that it will ionize an inner core
level and a certain fraction of these events will result in the emission
of characteristic x rays from that shell. There are a variety of sources
of x-ray radiation which bombard the ‘sample in a conventional TEM, all
of'which are nonlocalized and are thus detrimental to microanalysis.

Most of these sources can be eliminated or reduced to negligible intensi-
ties by suitable modifications to the microscope colum. However,.thésé
x rays generated within the sample itselfvcannot be eliminated;‘hence;
the calcuiations outlined in the following section are presented in order
to estimate their influence on characteristic emission.

Figure 25 illustrates a schematic x-ray spectrum from a multi-
clcment sample composed of the elements A, B, and C. For simplicity,
only the K lines of each element along with their respective absorptlon
edges are inéicated. In order to induce x-ray fluorescence of element A

the fluorescing radiation must have an energy greater than the critical

_QSCiFation edge (Ei); thus all x-ray photons in Fig. 25, both
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characteristic and continuum, whose energy is greater than E\ are e11g1b1e

to excite A. Element B represents a slightly different case of fluores-

cence. Here the K, line of element C lies just below the K edge of B;

hence only the RB line of C together with the remaining continuum spectrum

can excite B. Finally, element C cannot' be fluoresced by any characteris-

tic lines of A or B and thus can only be enhanced via continuum fluores-

cence. For an electron microscope, correctly aligned and modified for

X-ray microanalysis, the continuum intensity generated by electron

excitation of TEM specimens is small and fluorescence due to this source

Can generaily be neglected. The following calculations are presented,

' therefore, to estimate the influence of only characteristic fluorescence.

The total K& X-ray intensity of A emitted by samples can be

written as:

Total _ _el f1l
IA = ;A + IA , (2.36)

where Izl is the contribution due to electron excitation and Iﬁl the

fluorescence contribution. Since the relative intensity due only to

electron excitation is the parameter of interest for quantltatlve analysis

the fluorescence correction can be written as:

ITotal

A . (2 '37)
’ .
(1.+~I§1/Ieij-- | . |

and thus it is necessary to calculate the ratio Itl/Iel

Iel -

In order to

reduce the complexity of the formulae which follow we shall consider the

fase of fluorescence of element A only by a single characteristic 11ne
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(Ka) of clement B. The extension to the KB line or other lines as well
as the addition of multiple elements is straightforward.

Let us assumie that Igb

is the total amount of B Kj radiation
absorbed within the multi-element sample. Of this absorbed intensity
the fraction
Ka B
’
(w/e) o
K
(U/Q)BG,B ‘
will be absorbed by atoms of element A, where CA is the concentration of

K
A in fractional weight percent and.(u/p)ca’D

C.,-

A (2.38)

is the mass absorption coef-
ficient for K x rays of element D in the pure element C. Furthermore

the fraction

[ri? — 1} /r{(\ | | (2.39)

of this intensity will be absorbed by the K shell of A, and hence the
total number of ionization events of the K shell of A due to x-ray

fluorescence [QK’Ab] is given by:

(e (-2

? ! '__l" A
,Ab _ HPip . Tk ~° . . tab

QA = CA, ” !. \ I (2.40)

A B
(u/p]Ba’B] l Tk
with the quantity rﬁ defined as the K absorption edge jﬁmp ratio of ele-
ment A, |
The total yield of Ka X rays from element A due to this ionization

is given by the product of QK’Ab and the relative yield of K x rays from
P A a

. «
the X shell (qg-tAé)
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Ky _ab :
& | —— t-wi-iAa-IB (2.41)

Ll

An exact calculation of Ifl actually requires that Igb be‘cal-

3% culated at each point in the sample.' The fluorescence intensity at each
point having been determined, an absorption correction to the intensity
emitted ih the direction of the detector system is then calculated using

i the procedure outlined previously. Realistically the fluorescence correc-

tion is small; hence it becomes reasonable to make certain simplifying

approximations. Firstly the total absorbed intensity of the characteris-

tic line of B can be approximated by:

; . o o < .
¥ K B

: ab _ 1., ¢ &5 _

¥ K )

where IBa is the total characteristic emission generated in the sample

K
of thickness to purely by electron excitation, and (u/pJ «,B the mass

AB _
absorption coefficient of the compound for B Ka radiation as previou;ly

defined in Eq. (2.35). Secondly, let us further assume that all the

(PP S Fac ) i K

fluorescence intensity is emitted in the direction of the detector Sys-

i tem from the midpoint of the sample thickness which results in the

following expression for_Il,fl
Coy KN 7 {

#| «,Bl A :
} 1.1 J o)A l( x-M W exp\l 3 .(EJKG,B
i 7 LAt : : 2
% A 2 A ’ EJKG,B!, J rﬁ A A _ g -\PJaB
; .
& _ sinRg \1 Ka
: « pety |1+ i IB (2.43)
: cos(Bi —-GE) j

"L

%

25

e
3
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Finally, dividing by IA we obtain the following approximate expression
for Iil/Iil for a TEM specimen as:
: \ . N
i ¢ [HK“’B)' (A o« | [
A A T, — 1] K I
AL AlelA GO Texp { -y 0BY B (2.44)
el 2 Yk, ol A OISR T XA (T Tk .
IA x’ B a"B T ! N f 1.a
Lle K L A
) B
with
K K sinB. .
a,B _ 3 [u] a,B  — 1
X —_— . _— - p 1 + - . to . 2.45
AB 2 °JAB cos(Bi —-eE) ¢ )

All quantities have been previously defined. Clearly from Eq. (2.41) if
absorption effects within the sample are small the fluorescence intensity
will be minimal. It is seldom the case that this correction amounts to

more than a few percent change and is usually negligible for atomic

1, el
A/

decreases with increasing separation of the atomic number B. The most

aumbers less than 20. Tor a given element A, the magnitude of I

important range for this correction is the transition metals titanium -

through zirconium, particularly combinations such as Ni-Fe.

2.2.5 Detector Efficiency

After Eeing emitted from the sample, the x-ray intensify must be
“¢asured by some type of detector system. Usualiy in AEM systems solid-
state Si(Li) x-ray detectors are used because of their compact size.
These detectors have an inherent efficiency in their response to Xx-ray
¢vents, the most important of which is due to absorption effects in the

M ]" - - . . . - o B
®incow material limiting the detector sensitivity to low-energy X rays.

e
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This absorption must be accounted for in order to correctly convert

Mt IR i Bl e

intensity measurements to quantitative results. The reduction in inten-

sity can be calculated from the expression:

¢ Measured Actual N

[ ¢ |
| 1@ -1 ew|- Hp . (2.46)

where m is the usual notation for the product of i terms, (u/p)E is the

mass absorption coefficient of element i for x rays of energy E, p the

O P B AN

density of i, and t. the thickness of the respective absorbing medium

A

along the detector axis. The factor cosa accounts for increases in path
length which will be experienced if the x rays do not enter the detector
parallel to its axis. The angle a is defined in Fig. 26. Figure 27 plots

the calculated efficiency for a typical solid state Si(Li) detector as a

R S R SR 2

function of incident x-ray energy using the following typical detector

§ parameters:

.i Window thickness Be = 0.008 mm
; :% Window thickness Au'= 0.02 um
i .é Si'dead layer = 0.1 pm

§ . e

The steps in the curve correspond to absorﬁtion edges of Au and Si.
Above 20 keV the efficiency of the detector begins to fall again due to

transmission of the high-energy x rays through the silicon crystal

B b vt Lo

(nominally 4 mm thick); however, it is usually the :case that for these
elem

e

®nts one changes to the L lines rather than the higher energy

¥ series,
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2.2.6 Optimum Experimental Conditions for X-Ray Analysis

¥
i
£
Z{f
: %
g
¢

The ultimate sensitivity of x-ray microchemical analeis in an
electron microscope is a function of the specific operating conditions

which exist during the experimental measurements. In general one wants

s

3 to maximize the characteristic information measured from the specimen and

minimize all other emission. The parameter which is used to express the

sensitivity of x-ray analysis is then the ratio of characteristic (peak)

to continuum (background) intensities. Several factors influence this

RSP
> R e

ratio and the calculations outlined in this sectlon are specifically

formulated to assess the effects of incident beam energy, specimen/

SEEEN B A

detector geometry and sample cemposition on the peak-to-background (P/B)

ratio. These computations will assume that the sample is thin enough so

i that complications resulting from electron scattering, x-ray absorption

and x-ray fluorescence can be neglected. Furthermore, instrumental

factors associated with systems peaks, bremsstrahlung fluorescence, elec-
tron tails, and sample contamination are not considered since such
artifacts must be eliminated in order to obtain meaningful x-ray results
in all cases. A discussion of these artifacts and their minimization can
be found in Sect. 2.2.7.

Let ﬁs consider an infinitely thin sample of thickness, dt. The
number of characteristic x-ray photdns emitted into the solid angle de

can from the previously described formalism be written as:
- }’
A QA'N()-p CA'(JA f_\ WAB(t) «dt-dQ
= vy , (2.47)

o T W TN AR (SRS N HEIAN T L P TN BT D WA S

I ,
A W

B s

V A /
T T R A A A LA T T M 1 L ki tir et




75
where all parameters in Eq. (2.47) have been previously defined, the

emission being isotropic over 4w steradians. The continuum intensity is,

on the other hand, highly anisotropic and is strongly influenced by
relativistic effects. The number of continuum photons within the energy
window EB to EB + dEB emitted at an angle Q with respect to the forward

scattering d1r°ct10n is given by:

No*p- nAB(t) +dEy-dt-do

IB = IQ . e , | - (2.48)
) A "B : '
ﬁ with \
i { | ( .
! -1 } ___sin%q l+ T (14 cos2q (2.49)
; X f N b4 Y 4
1-— BcosQJ ; I (1 -BcosQJ
B = v/c = relativistic correction factor.
1

,-and Iy in Eq. (2.47) are the continuum radiation components resulting
A .

R e et sy L s - o b v e I g 1 SSUTEY . - e A A "

D i s P L gt i

& SRR e e e B S A B R TSI Y T el Ko SN SR A L R e e e SR VoK e AR RLE R
L X (s

from the slowing down of the electrons in the sample. The calculation of

= S
e gaA))

these components has been determined from the theory of Sommerfeld??2 by

weinstock;”3 however, the routine evaluation of his expressions is non-

% trivial. Kirkpatrick and Weidmann’* have succeeded in obtaining the

§ {ollowing analytic expressions for IX and Iy which are accurate to 2%
;’ n 1V, + P

é relative to the more cemplex computations.

3 3

| 0.252 + ay(d; — 0.135) — by(d; — 0.135)-21

: I = - 1.51 x'10728  (2,50)
,2 X { )
A J

a; = 1.47 by — 0.507 a; — 0.833 |

E -

by = 1.70 by —1.09 a, — 0.627

a) = exp (- 0.223 ¢;) — exp(-57 ¢y)

s
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by = exp (- 0.0828 c)) — exp(~ 84,9 c,)
£, . _ |
C =
' 300 22
B
a, B
Eg { o ]
. ky 10-28 :
I.=¢~3; + y (121 x 10 (2.51)
R4 (d; + hl)j RS

gy = 0:214 ey +1.21 £ ~ g
1.43 ey — 2,43 £; + g4

Ji= @+ 2h)f; =20+ hy) g

Ki'= (1+hy) (g + 31)

ey = 0.220 [1 — 0.39 exp(~26.9 c;)]

0.023

£ = 0.067 + —=2%2
(cy + 0.75)

g = -0.00259 + —2-00776
(cy + 0.116)

Z = atomic number of specimen.

It should be noted that the‘preceding equations (2.48, 2.49, 2.50, and
2.51) have been rewritten using the MKS syétem,of units rather than the
Caussian unips found in the ,original work. The units of IQ become,mz/.
Stcradian/atom/electron when all energies afe entered in electron volts.
A polar plot of the angular distribution of continuum x-ray radia-
o0 generated by 10 and 100 keV electrens incident on a pure nickel
WPecinen (2 = 28)- is shown in Figs. 28 and 29, respectively. The inten-

“ in these figures has been normalized to I(Q)/Imax; thus in all
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curves the maximum intensity plotted is unity. This is done in order
that relative changes in the distribution can be easily observed. The
intensity distribution is rotationally symmetric about the electron beam
axis and is proportional to the radial distance from the point of inci-
dence. These figures show that the continuum intensity on the electron
entrance surface of the specimen (Q = 90°) is in general less than the
exit surface, and also that relativistic effects (100 keV results) clear-
ly shift the emission in the forward scattered direction. This is
illustrated in more detail in Fig. 30. This figure shows the normalized
continuum distribution of x rays in the vicinity of the nickel K peak
(~v7.5 keV) as a function of incident electron energy (Eg) over an energy
window dE roughly corresponding to the full-width half maximm (FWHM) of
the nickel K, line. The relative intensity in any direction on the elec-
+ron entrance surface clearly decreases with increasing Ep. Figure 31
reproduces the same calculations on an absolute scale; hence a direct
comparison of the various intensities can be made. Note that in plotfing
this figure the 200 and 100 keV calculations have been truncated in the.
forward scattering direction for clarity. From these calculations it
is apparent that the placement of the detector relative to the electron
entrance surface is an important consideration.

The optimum position of the detector can now be evaluated by cal-
culating the characteristic peak- to-background (P/B) ratio as a function
of 0 using Eqs. (2.47) through (2.51). This 1s plotted in Fig. 32 for
the same pure nickel sample as a function of observation angle (Q) at

various values of incident beam enmergy. We recall that the forward
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scattering direction corresponds to an observation angle of 0° and in
this position the detector axis is perpendicular to the electron exit
surface. Similarly, Q = 180° corresponds to the detector axis being

colinear with the incident beam direction. Referring to Fig. 32 one can

see that in all cases the P/B ratio is maximized when the x-ray detector

is positioned on the electron entrance surface (@ > n/2). It is, how-
ever, interesting to note that the variation in P/B begins to level out
at angles above 125° (at 100 keV). Thus, several of the new AFM instru-
ments commercially available, such as the Vacuum Generators HBS,

litachi H-500, and Philips EM-400 microscopes whose detector observation
angles are >105°, are approaching the optimum geometry for x-ray
analysis.

Using the equations presented in this section, it is also possible
to calculate the variation in P/B as a function of several other param-
eters. Figure 33 plots the change in the P/B ratio for the Ka line of
pure elements (atomic number Z) at various values of incident energy.

In computing these curves a detector observation angle of /2, the geom-
etry found in most CTEM/STEM instruments, was used. These resuits show a
monotonic increase in P/B with increasing E, for all elements. The

sharp drop at Z = 45 corresponds to a change in the calculation from Ka
to the La line. Extended calculations for incident energies greater

than 1 MeV indicate a continuous increase in P/B to nearly 2.5 times the
100 keV values (see Fig. 34). However, the extrapolation of these equa-
tions to such energies is questionable; thus only the trends should be

“onsidered,
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Finally by substituting different values of Z, W, and p into the
characteristic and continuum equations, respectively, it is possible to
evaluate the P/B ratio for one element in a matrix of different (or
average) atomic number (Zavj. Such a calculation is presented in Fig. 35
which shows, as would be exrected, a monotonic decrease in the P/B ratio
with increasing matrix atomic number (Zav) at constant electron energy.
Similarly, Fig. 36 shows a monotonic decrease in the P/B ratio with
decreasing Eg for a constant matrix composition. In calculating both
these figures, CA in Eq. (2.47) was set to unity; thus, in any comparison
with experimental data the value of P/B predicted should be multiplied
by the composition in weight percent.

In sumary, these calculations have demonstrated that the maximum
theoretical sensitivity is obtained by placing the x-ray detector with an
observation angle Q > m/2, using the highest value of incident beam
energy, and minimizing (when possible) the average atomic number of the

ratrix.

2.2.7 Instrumental Factors Influencing X-Ray Analysis

Although the coupling of a solid state Si(Li) x-ray detector to a

‘fansmission electron microscope affords the possibility of performing

T e
e~

‘crochemical analysis of thin specimens on a scale of several hundred

“istroms or less, there are several experimental aspects of this tech-

ue

“4¢ which 1imit its applicability. Furtunately, these factors are pure-

¥

‘15trumental in nature and can be reduced or eliminated by judiciously

“*ring the analytical system. Three topics will be considered in this
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section — namely: systems peaks; fluorescence by uncollimated radiation;
and specimen contamination effects. These problems are found in all
electron microscopes; however, their relative magnitude changes from one
instrument to another. In all cases, it is important that these artifacts
be identified and eliminated since they affect the qualitative as well
as quantitative analysis detrimentally.

System Peaks: When a solid state Si(Li) x-ray detector is used

to measure the x-ray emission produced in an electron microscope, a
spectrum consisting of several characteristic peaks superimposed on a
continuum or background intensity distribution is observed. Ideally,
this spectrum is a result of electron-induced excitation of the sample;
unfortunately, x rays are also produced in the material imediately
surrounding the sample (i.e., the sample stage, aperture drives, cold
finger, etc.) by mechanisms other than direct electron excitation, and
hence are recorded simultaneously with the sample spectrum. Although it
s usually possible to identify these "systems peaks" it is important to
¢liminate them rather than simply account for their presence.

The reduction of system peak intensity is accomplished by replac-
ing the material surrounding the specimen by an element which does not
Produce detectable x rays. Several stages have been designed for this
Parpose; they were constructed from graphite”> or plastic (PMMA).76
However, they are severely limited in their in-situ tilting capabilities
“aking them unsuitable for analytical microscopy. Thus, a modified
“esign of pimbal cup was developed for use in the double-tilt stage

"plied with the JEOL JSEM 200 keV CTEW/STEM.77 Machined totally out
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of graphite this cup provides full two-axis-tilting capabilities
along with the reduction of systems peaks. Since this time, several
researchers have developed total specimen stages machined from beryl-
1ium78>72 and graphite80 whiéh provide equivalent capabilities as well
as high mechanical stability. A brief description of the modified
gimbal cup for the JEOL double-tilt stage developed in this research
follows.

Shown in Fig. 37 is a schematic diagram of the x-ray geometry in
the JEOL JSEM 200 with the incident electron beam being normal to the
plane of the page. Optimization of the X-ray count rate is accomplished
through the use of a double-tilt stage, which allows tilting of the
specimen about two mutually perpendicular axes. The primary axis (A-A”
in Fig. 37) can be tilted by *55° and the secondary axis (B-B” in Fig. 37)
by +45°, An ORTEC Minitec Si(Li) x-ray detector is mounted on the micro-
scope column normal to the incident electron beam (i.e., a detector
observation angle © = w/2 defined in Sect. 2.2.6) and at an azimuthal
angle of 45° to the primary tilt axis. The front of the detector is
rrotected by a 7.5-um-thick beryllium window and the specimen-to-window
distance is approximately 2 am. Through the use of a graphite collimator
the X-ray acceptance angle (6 in Fig. 37) is v15°; i.e., the detector
iccepts radiation from roughly a 0.5-cm-dia disk at the specimen surface.

There were two purposes in redesigning the specimen holder. The
“irSt was to remove the interference in the recorded x-ray spectrum due
"0 the "system peaks" generated in the specimen cup. The original cup

* Machined from a Cu-Be alloy and removal of the ''system peaks" from it = .-

T eSS O R s U N ) e
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is accomplished by replacing this alloy by an alternate material. Beryl-
lium would be the best choice; however, due to the hazards involved in
its machining, graphite was chosen as an alternative. The second purpose
was to increase the range of take-off angles in which usable x-ray

information can be obtained. In the original design [Fig. 38(a)], the

-sample is held in position by a copper retaining spring on the underside

of a ledge. This serves to severely restrict the angular range from
which x rays generated in the sample can be seen by the detector.
Figure 38(b) shows the changes which have been made to the specimen cup
geometry. First the interior design of the cup has been inverted so
that the sample now rests on top of a small ledge and is no longer over-
shadowed by a large mass of material. Secondly the excess material
around the top of the cup, which served as a further restriction to
the x-ray take-off angle, has been machined away as much as possible.
The only restrictions on this last change are that sufficient material
ve Left perpendicular to axis B-B” so that the friction drives for the
til;zmechanism can still operate normally. It also becomes important
to replace the copper retaining spring used to hold the sample rigidly
in position. Since no suitable spring substitute is available, the
sample is now held in place by the judicious application of a col-
loidian of graphite along the specimen's edges, or on a thin graphite
washer used t) hold the sample in position.

A homogeneous alloy of B-NiAl was used as a test specimen to
€valuate the characteristics of the two types of specimen cups (Cu-Be

YETsus graphite). When determining the characteristics of both cups,
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(a) (b)

Fig. 38. Modified Design of Specimen Cup to Reduce System Peaks.
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care was taken so that the sample was imaged under identical operating
conditions and orientations. The microscope was operated with an accel-
erating voltage of 200 keV and in the STEM mode, so that electron probe
diameters of approximately 50 & could be realized.‘ All x-ray spectra
were recorded under these conditions.

Typical spectra obtained using both cups are shown in Fig. 39.
It is evident that the removal of the Cu-Be from the immediate vicinity
of the sample has substantially reduced the interference from ”éystem
peaks.'" The effect is most pronounced when one considers the CuKa and
.\’iKB lines in the emission spectrum. The NiKB line in Fig. 38(a) has
been completely maskéd by the CuKa peak. However, when a graphite cup is
used, the NiKB line becomes clearly resolved and the interference due
to the CuKa line is substantially reduced [Fig. 39(b)]. Using a com-
putational technique for profile fitting,®% it is possible to analyze
the extent of overlap of these two peaks. The measured CuKa/NiKB ratio
is 2.27 + 0.28'aﬁd 0.19 * 0.03 for the Cu-Be and graphite gimbals, respec-
tively; Thus, a net reduction by a factor of 12 of the CuKa intensity
is achieved. Such reductions are typical; however, '"system peaks' from
the Cu-Be cup are dependent on the orientation of that cup with respect
‘0 the incident electron beam and detector system and changes in this
Tatio can be expected.

It should be noted that even after removal of one of the most
“Fortant sources of "'system peaks' it is still possible tc detect
-“itrference, This indicates that the scattered radiation (elastic and

lestically scattered.electtons-and”bremsstrﬁhlﬁng)fin'fhe miérbsébpeV
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is a significant source of x-ray excitation as seen by the detector, and,

in addition, it shows that large areas in the specimen region are still
being excited.

The importance of eliminating system peaks can be seen b& refer-
ence to Fig. 40. Shown is a micrograph of a region of a silicon sample
containing imﬁurity preﬁipitates. These defects have two distinct
morphologies — one rod-1like, "and the second in theAform of spherical

precipitates arranged roughly in rows. Surrounding this micrograph are

x-ray spectra recorded from the various regions indicated, showing that

these precipitates are nickel- and copper-rich, respectively. Further-
more, the matrix spectrum shows only the presence of a SiKa peak; hence
the elemental nature of these impurities is indeed confirmed. Had the
copper system peaks not been eliminated in this experiment, it would not
have been possible to uniquely identify the copper-rich impurity because
of the minute amount present. In addition,-due to the similarly weak.
iﬁtensity of the nickel line analysis in the presence of a large copper
systems peak would have béen difficult if not impossible. Thus, for the
case of low concentration or small volume fraction precipitates, it is

tssential to remove all systems peaks.

Fluorescence by Uncollimated Radiation: One of the serious

iastrumental problems associated with TEM-based microanalysis arises due

0 nonlocalized excitation of characteristic x rays from the sample.

Teforrs . . . :
fierring to Fig. 39, it can be noticed that even though a 50 A electron

T g . . . . -
-~¢ was used to generate x rays in the sample a significant volume of
g 1%

"?Fcfiél,must”have been irradiated in order to produce the magnitude of .

(BRI
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systems peaks which were detected. The removal of medium to high atomic
number material from the immediate vicinity of the sample clearly reduces

the intensity of systems peaks; however, it is only a cosmetic solution

since the effcctive irradiated volume has not been significantly altered.

This poses the following questions. What is the source of the uncol-

limated radiation, and how does it affect microanalysis?

There are essentially three potential sources of radiation which

can induce emission from the specimen. They are:

1. the incident electron probe,
Z. uncollimated electrons and x rays produced by the sample,

uncollimated electrons and x rays produced by the electron micro-

scope hardware.

The first two sources are basic to the generation process and thus can-

not be eliminated The last term, however, can be further subdivided

into tuo sections — those uncollimated x rays and electrons related to

the hardware immediately surrounding the sample (pole pieces, apertures

cold fingers, etc.) and that which is produced elsewhere in the electron-

Optical column. This first factor is effectively minimized by construct-
ing suitable low atomic number substitutes for various parts of the
microscope,’58! and amounts to the systems peak correction discussed

in Systems Peaks. The second term is extremely important and has been
shoim to be one of the most significant sources of'nonlocalized radia-

tion.“3  When present, it can become the limiting factor in both

This effect can become

30 great’ in’ some’ 1nstrumcnts that errors 'in excess of severa] hundred
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percent can easily develop. The remainder of this discussion will center

upon the identification of this rédiation and its effects on micro-
analysis. The exampleé given were obtained using a JEOL JSEM 200 CTEM/
STEM instrument, but can also be observed in other electron microscopes
with varying magnitude.

When an'electfon beam is positioned on a specimen, it is generally

- assumed that all characteristic x rays emitted from the sample are gener-

ated in the volume defined by that probe. If this is the case, then,

when the probe is translated off the sample all X-ray emission should
cease (assuming, of course, that the electron column is properly aligned),
More often than not an x-ray spectrum from the sample will still be
detected and the magnitude of this emission can be substantial. This
is illustrated in Figs. 41, 42; and 43, which are typical spectra
obtained when'thé probe is incident on the sampie (a) and then allo&ed
to pass through the perforation formed during the sample preparation _
(b) for incident electron energies of 200, 100, and 50 keV, respectively.
These spectra were.accumulated using the experimental geometry
described in Systems Peaks. The sample used was a three‘milliméter
single-crystal disc of B-NiAl of the 50/50 at. % composition. The
specimen Qas electropolished‘to TEM quality dsing standard techniques?82?
and had a small perforation approximately 40 um in diameter near the
Center of the foil. All spectra were recorded for 200 s with the micro-
C0pe cperating in the STEM mode and using electron: probe diameters of

iproximately 50 A. Measurcments were made by positioning the probe
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on an electron transparent region near the edge of the foil (position A,

Fig. 44) while "in-hole" counts were obtained by translating the probe

into the perforation at least Z um from the foil edge (indicated as

B, Fig. 44).

O e T "RV

Examining these Spectra one can see that under certain operating

T s B RN X AR G T e B R e T T

conditions the "in-hole" spectrum can exceed 90% of the total emission

ARG e i o o

1 WA R el

measured from the sample.- Furthermore, one can detect an appreciable

L
P

; : atomic number effect in the excitation of characteristic x rays by this

Lyt b

uncollimated radiation. The excitation of the nickel X lines is

several orders of magnitude greater than aluminum. The effects of this

e S e

radiation on microanalysis are even more pronounced and are shown in
Fig. 45. Plotted is the experimental variation in the Ni/Al Ka inten-

sity ratio as a function of sample thickness for varicus electron

S RS AT SRl B S ot

i

energies. The broken curves under each set of experimental measurements

represent the theoretical calculations based on the formalism previously

iz

i

described. One would expect the intensity ratio to be constant initially

g ntil a sample thickness is reached when absorption effects become

g appreciable. At this point, absorption of the lower energy aluminum Ka
jf X rays should cause the ratio to increase monotonically. EXperimentally
g this is not observed. Initially one measures a decrease in the Ni/Al

Tatio with ihcreasing thickness followed by an inflection point and then

4 gradual increase in the ratio. This monotonically increasing region

e BT TS T

interestingly roughly parallels the calculated variation corresponding

i3

0 the region of high aluminum absorption. Furthermore, a systematic

fh}ft.in.the;inflection point,towérdlthinnerﬂregions occurs- with decreasing - -:
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incident energy. It should bé noted that at 200 keV the sample was just

barely transparent to electrons at the last data point plotted (~2 um),

Thus, to measure the intensity ratio at these last few points using lower

accelerating voltages it was necessary to operate the STEM unit in the

SEM mode, the electron probe being positioned by observing the contamina-

tion marks on the sample surface produced during the 200 keV measurements.
It is apparent from these data that serious discrepancies exist between
experimental and calculated intensities, and it would seem that quantita-

tive analysis under such conditions is impossible.

The breakdown of the theory of quantitative analysis in this case

can be traced directly back to the first assumption made in the calcula-

tions. That is, it was assumed that all X-Tay emission from the sample

is a direct result of electron excitation of a microvolume of material.

Should there be any additional sources of x-ray excitation they must

either be eliminated from the instrument or included in the calculations.

The question then stiil remains as to the nature and the source of this
anomalous excitation.

hole"

Considering closely the characteristics of the "in-
spectra as well as their variation with accelerating voltage it was
Postulated that high energy bremsstrahlung radiation generated in the

tondenser-aperture system of the electron microscope could account for

these experimental results. The following experiment was then devised to ,

*est the feasibility of this hypothesis. 83
The microscope was aligned in the usual manner and an in-hole
The variable condenser-aperture

. ¥as then removed and the aperture assembly; which was 6riginally
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constructed from a Cu-Be alloy, was replaced by a 3-mm-thick lead substi-

tute having a single 200-um aperture.  This lead aperture was replaced

in the column and the in-hole effect reproduced. The next step was to
cover the 200 um aperture by a thin lead foil apprdxhnately.ls um thick
and replace the entire assembly. This foil is of.sﬁfficient thickness
that all electrons bombarding the condenser aperture are stbpped; however

high energy bremsstrahlung radiation’ generated by the electrons slowing

down in this foil can still be transmitted. When this modified aperture

was inserted and the instrument returned to normal operating conditions
it was still possible to measure an x-ray emission spectrum of NiAl
cven-though all electrons were prevented frqm striking the sample.
From this result one can suggest an explanation of the anomalous results
obtained previously as well as propose an effective solution.
Bremsstrahlung radiation, created principaily in the thin regions
of the condenser apertures, is continuously bombarding the sample area.
This radiation is highly peaked in the forward scattering direction and
is limited spatially only by'the bore of the microscope column. If is -
then entirely 1ikely that characteristic emission from the sample and
sdrrounding material is induced by an x-ray fluorescence mechanism. This
e2ission will be recorded simultaneously with that produced by electron
irradiation of the specimen and is independent of electron probe position
M the sample. It is also probable that;this fluorescence emission will
"aceed that produced by direct electron excitation;since the fluorescence

-3 of ¢ssentially a bulk specimen while the elcctron-induced fraction

‘féglts,onlyufrom the micrevolume of material defined by a 100 &_elecprpn.,.f
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probe. It would also be expecfed that the intensity ratio of Ni/Al will
be relatively high, when compared to électron excitation, since the
efficiency of x-ray fluorescence of low atomic number material (Z < 20)
is poor.

- One can then postﬁlate the following sequence of events. -In the
thinnest regién_of the foil the measured ratio is dominated by the bulk
x-ray fluorescence effects. As the electron probe begins to sample
thicker and thicker regions the relative contribution of the electron
excitation will increase and eventually exéeed the bremsstrahlung con-
tribution. Initially, one Would expect a decrease in the measured ratio
of Ni/Al to a point at which electron excitation begins to dominate and
then it would be expected that the variation in the ratio would begin to
follow the theoretically predicted cﬁrves. Furthermore, if the relative
contribution of the bremsstrahlung radiation is decreased — for ekample,
by .lowering the accelerating voltage — then the crossover point of domi-
nance of bremsstfahlung versus electron excitation should shift to thinner
regions. All of these effects are clearly demonstrated in Figs. 41, 42, .
43, and 45, and when combined with the results of the lead aperture éxperi—
Bont suggest stongly that the source-of anomalous emission is x-ray

fluorescence.

To attempt a theoretical calculation of a correction to this

#enomenon is difficult due to a lack of sufficient information concern-

17¢.the precise source and magnitude of this radiation. Thus, one must

attempt to modify the electron-optical column in such a way as to minimize
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or eliminate this radiation from reaching the spccimen. 'The ideal solution
to such a problem is to deflect the incident electron probe around a thick
x-ray stop, much as is used in high voltage electron microscopes (HVEM) to
prevent ion bombardment of the sample.  Realistically this requires signif-
icant modifications of th¢ electron-optical cblumn, and furthermore would
probably result in significant aberrations, and so a simpler solution is

necessary. An alternate solution would be to reduce the total x-ray flux

' bombarding the sample by special collimators;83 it is by far the easier

method, as illustrated in Fig. 46.

This has been accomplished successfully on the JSEM 200 using two
different designs of collimators. The first and simplest design is to
insert a thick (>2 cm) aperture in the column below the condenser aperture,
which reduces the bore of the column from 1 cm to 0.5 mm. This does not
interfere with the electron optics, yet substantially reduces fluorescence:
effects. Two eccentric cylinders are used in this case as shown in Fig. 47.
The center and innermost cylinder is aligned with tﬁe electron-optical axis
by rotating the two cylindefs with respect to each other and the column.-
Such an arrangement was necessary because in this instrument the mechanical
axis and the electron-optical axis were not precisely aligned. Later, a
more eléborate aperture system was installed and ié showniin Fig. 48.
Externally adjustable, this bremsstrahlung aperture is mQunted on the coiumn
in the vacant regién normally occupied by a top-entty stage insertion mecha-
nism (Fig. 49). The housing is composed of lead, while the actual aperture

2.5 mm x 2 cm) was machined from brass to facilitate removal and cleaning

shen necessary. Also mounted on the aperture mechanism is a Faraday cage to

- "™nitor the incident probe current.
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.:”-ig. 46. Schematic Diagram Illustrating Reduction of Fluorescence

Fuzllimated Radiation Using Thick Collimaters.
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Fig. 49. Adjustable Bremsstrahlung Aperture System Mounted on

"icroscope Column. (Vertical arrow indicates electron-optical axis.)

{a) Eccentric aperture system (see Fig. 47), (b) Faraday cup, (c)
ahle Bremsstrahlung aperture system (Fig.

0ld trap,

adjust-

48), (d) anti-contamination
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The resulting changes produced by using such a system are shown

in Figs. 41, 42, and 43 for the sample (c) and in-hole (d) spectra,

In the worst case (200 keV) the in-hole spectrum has

been reduced to less than 2% of the total sample emission.

respectively.

The 100 and

e

" o ha e e e o S T

50 keV results show even greater improvements. Figure 50 compares the

bremsstrahlung corrected results for the variation in the Ni/Al ratio

with thickness to the theoretical Calculations. Agreement between the

experimental data and calculations is now substantially better. The

variation in the intensity ratio with increasing thickness is reproduced

well in terms of the general analytical shape of the curve. There is

still, however, a discrepancy in absolute value between the two curves

which appears to be roughly constant at a given energy. This can, in

part, be attributed to contamination of the sample and will be discussed

further in the next section.

The procedure now adopted for x-ray measurements in the micrescope

is to record two spectra for each data point — the fl[St from the region

©
rey

interest in the sample, and the second the bremsstrahlung (or in-hole)

T ol e TR & BT e
. PN A O - SRl PR ¥

e TTIONORIC SER R PR U 12 % eSS AN ot e

e R N L

Spectrum.  The bremsstrahlung spectrum is then subtracted from the sample

[Reeeap

ctrum before any further analysis is performed.

gt

It is important that

s gt

it uncollimated radiation first be reduced to a low intensity before

“traction, This is simply due to the likelihood of large errors being

Laoa
ol

oduced from the subtraction of two spectra of 51m11ar intensity. The

fects of this are illustrated in Figs. 51 and S2.

R

|
In Fig. 51 the upper |

Tepresents the experimental variation in the Ni/Al ratio measured
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Corrected Results for the Ni/Al Ratio as a Function of

Aperﬁure System. Broken

€s indicated calculated variation.
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at 200 keV with no bremsstrahlung correction. TheAlower curve shows the
effect of simply subtracting the in-hole count without first reducing
the bremsstrahlung flux. Finally, the middle curve was obtained with
the x-ray aperture correctly inserted and the reduced in-hole spectrum
subtracted from all measurements. Figure 52 plots the similar results
for 100 and 50 keV where the broken curve represents the data after
being corfécted in the prescribed manner, and the solid curve by simply
subtracting the in-hole count. The raw data has not been plotted in this
figure for clarity. 1In all cases the in-hole spectrum must, of course,

be accunulated for the same period of time as the sample spectrum.

Contamination Effects: Specimeh contamination during electron
microscope investigations 1s not a new phenomenoh; however,Awith tHe
advent of STEM and its high current density electron probes, the
problems generated have become rmore ﬁronounced. When the probe is
stationary and focused to diameters less than 100 R, the contamination
rates under certain operating conditions can be many orders of magnitude
greater than observed in conventional TEM imaging experiments. Two
mechanisms of contamination have been identified during the last few
years; 84,85 Qolume diffusion of hydrocarbons from the microscope vacuum
System, and surface diffusion of adsorbed matcrial on the sample surface. b K
The volume diffusion component4can be reduced by improvements to the
microscope vacuum system such as those found in the newer UHV-STEM
instruments where the vacuum levels at the specimen are < 2 x 1079 torr

(versus 2 x 107 torr typical of most new CTEM instruments). The surface

i
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B
diffusion component is harder to identify and control, being a func-

tion of speciﬁen preparation and handling before and during insertion

into the microscope environment.

Fourie®> has studied the formation and shape of contamination

in cryopumped TEM and UHV STEM systems.- In this work he found that

. for large probe diameters (0.6 to 3.0 um) the contamination forms in
the shape of a disc of material, the exact profile of which varies with

incident electron flux, sample composition, and thickress. 1In general,

the contamination layer was least at the center of fhe irradiated area,

while at the edges the accumulation of material was greatest as shown

in Fig. 53. For the probe sizes used in this work (<200 ﬁ) the shape

of the contamination was different, taking on the form of small spiral-

ing cones. This is illustrated in the micrographs of Figs. 53 and 54.

Figure 54 is a TEM micrograph showing a region of B-NiAl after an X-ray

experiment performed in the STEM mode. The dark spcts on the foil (both

on the electron entrance and exit surfaces) are the contaminated regions

tormed during a 200-s analy51s with a 100 & stationary STIBIprobe The

micrographs in F1g 55 show the spiral nature of these contamination

cones in more detail. This micrograph was taken in the SEM mode of

Operation in the JSEM 200. Figure 55(a) views the cone end in the

Orientation in which it was formed, while in Fig. 55(b) the sample was

tilted through ~20°. The spiral shape is most llkely due to the electron

nrobe wandering due to charging effects caused by the poor conductivity

of the contamination layer.

B s "qf_rézé -r—':J&' J_;g“g B!
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ever, some instruments Use a silicon-ba

sed diffusion pump
0il and O-ring greases which can lead to the accumulatjon of silicon

45 well as hydrocarbons on the sampie, This is shown ip Fig. 56 which

resclved: Nj Ly (~0.85 kev),

The presence of the silicen peak

torrelates with ‘the degree of contamination observed to exist in the local

Teion being analyzed. VWhen the diffusion pump oil was Changed frop 5

one'uéing fluorinated‘hydrocarboﬁs'the'SiAK& peak

tgassing from "O-ring" greases and roughing pump
“thes Tesaturated the diffusion PUmp 01l with silicon Contaminants,
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Fig. 56. Silicon Contamination Peak'Recorded on a Pure Ni/Al

SpeCimen.
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The accumulation of con51dcrab1e amounts of foreign materlal on

the sample surface also raises the question of x-ray absorption of x rays

within this deposited layer. Figure 57(a) once again compares the mea-

sured N1/Al Ky ratio to calculations at 200 keV. There is clearly a

moderate dlscrepancy between the two curves. Since all measurements in

this figure were obtained under the same operating conditions and mea-

surement times (200 s), the amount of contamination. deposited on the

sample will be constant to a first approximation. This would then lead

to a constant discrepancy between the experimental and calculated results

due to absorption of the lower energy Al Ky x rays. To test this hypoth-

esis the Ni/Al Ky ratio was measured as a function of fime (hence alsc

contamination) at constant thickness and incident energy. The -results

of this experiment, Fig. 57(b), confirm that absorption effects can be

appreciable. To account for most of the discrepancy in Fig. 57(a),.the

amount of absorption at 200 s seems to be about the correct order of

magnitude, when comparing Fig. 57(b) to the appropriate point of 57(a).

One further aspect of sample contamination is left to consider —

namely, the effects on massvsensitivity. In an early study of TEM-based

microanalysis, Russ86:87 presented results which seemed to indicate that

the optimum accelerating voltage for x- ray work was in the vicinity of

100 keV. This conclusion was based on experimental measurements of the

ak-to-background (P/B) ratio for various elements which exhibited a

broad maximum in this incident energy range and then a decrease in P/B
at

higher energies. This is in sharp contrast with the theoretical

us- incredse.-
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in the P/B ratio with electron energy. Further experimental work by
zaluzec and Fraser*" has shown that these discrepancies may be attributed
to a combination of x-ray fluorescence and sample contamination effects.
The effects of x-ray.(bremsstrahlung) fluorescence on quantitative
analysis has been discussed at length previously; however, the effects on
sass sensitivity have been postponed until this time. Refefring to
Sect. 2.2.6, theoretical calculations indicate that for thin foils of
all elements the characteristic P/B ratio should increase with accelerat-
ing voltage monotonically. This result assumes that all X-ray emission
from the sample was derived from‘purely electron excitation. Tﬁe effects
{ bremsstrahlung fluorescence on the experimentally determined P/B ratio
are demonstrated in Fig. 58. Figures 58(a) and 58(b) plot the results of

masurement of the NiK, and Al K, P/B ratio in B-NiAl as a function of

incident beam energy without the correction for bremsstrahlung flucres<
c¢ence. These data are Similarvto those obtained by Russ in an earlier
study.  When the abﬁropriate modificatioﬁs are made to the electron-
¢ttical colum the results shoﬁn in Figs. 58(c) and 58(c) are obtained.
The effects.of centamination on the recorded P/B ratio are complex

#d difficult to control. In all cases the amount of material accumu-

sated on the sample is a function of the total electron flux irradiating

“e area. Hénce it will be assumed in the following discussion that

T s

“Hlaination increases monotonically with time at constant probe cur-

7. In addition, it will be also assuned that approximately equiva-

ety

Tesults can be obtained by holding the product of beam current and

-*i3diation time constant. Ihe»trends presented in this section should



. - 2
g e W B S s e L
T e Y PO 2 ‘nﬁ' N mz

4 p
,'\tg ‘?A;
3
g 128
%
4
i
E
i .
% OVERVOLTAGE (E /E,) OVERVOLTAGE (E/E)
% o) 5 19 15 20 25 . 0 25 50 75 100 2%
- 100 I N N Y Y N N
i o o
= =~ 20
; < I
f ¢ x 75— . g
4
3 F] CZ! o 13 —
.?x x 50— é
i 0 o
i 4 : 20
b A x .
| P - 51 Ni Ka < Al K
; % o ' & s @
! H o 7 | T 1 | T T
: 1 O 30 100 150 200 © 50 100 150 200
3 INCIDENT BEAM ENERGY (kev) INCIDENT BEAM ENERGY (kev)
(a) (b)
14
%
$
é OVERVOLTAGE (EJE ) OVERVOLTAGE (E/E)
14 6 5 10 15 20 25 O 25 50 75 100 125
3 125 1 1 1 I 1 i L ] 1 i
LA 2 ° .
: - ~ 25 -
100 8 ,
g o 204
z
a 757 @
0 o
2 2157
X 50— x
<« <
H P Al Ka
& NiKa g0
| 25 T 1

i T ]
o0 30 100 1150 200

INCIDENT BEAM ENERGY {kev)

() (d)

. ]
(o] 50 100 150 200
INCIDENT BEAM ENERGY (kev)

-t Bars
. i b 3+ s et 5 e e AL g
et e e e e A 3 e e

Fig. 58. P/B Ratios for Ni and Al in Ni/Al (a,b) Without Correc-

tion for Bremsstrahlung Fluorescence; (c,d) with Correction for Brems-

BT TITRE ST u2as TSt

Strahlung: Fluorescence. :

-



A e Lt A et

A M F AR N O e O M T ]

St L

oty

R T ST RSN

AL

FRTRC it o 0

. s B AT R G BT P e
R e B G B  RS b

c el e TS D vk o R
Qi ST Sy e W T SRR T s ARG

cEh
L5

i53
S
LR
¥
T

tion op the sample. With thi

- Higs,

< . L
e S e P PRI
ARG SN I SR N e S e s i

129
be considered only as qualitative indications of the effects of contami-

nation since quantitative measurements of the contamination are present-

ly impossible to obtain. Lastly, in order to minimize the complications

which result from the effects of absorption of low-energy x rays in the

contamination layer the results shown in the following figures will center

mainly on the Ni K, P/B ratio.

Ideally, from the theoretical calculations presented in
Sect. 2.2.6, the P/B ratio should to a first approximation remain con-
stant as a function of both sample thickness and time, and in the

absence of fluorescence effects should increase monotonically with

incident beam energy. Experimental meésurements, unfortunately, do not

exhibit such a simple behavior; they are summarized in Figs. 59(a) and

S9(b).

The discrepancies are, however, systematic in nature and can

be related to the nonlinear variation in the continuum intensity gener-

ated as a function of time. This can be seen in Figs. 60(a) and 60(b).

The intensity of the Ni Ky peak in this figure varies linearly with

both sample thickness and irradiation time. The continuum intensity,

hhlrh in this case is the intensity measured in the region from 9.5 to

10.0 kev (i. €., a region isolated from all characteristic peaks), shows

& highly nonlinear response. The most important parameter which influ-

tnces this intensity is the total sample thickness, all other parameters

N

deing roughly constant [see Eq. (2.2)]. Thus, the changes in continuum

!tensity can be directly correlated with the accumulation of contamina-

in mind, the svstemarlc changes in

.39(a) .and 59(b) .can be quall ative1y<explained2
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a Function of Time for Ni (a)

Comparison of experimental results at approximately
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information obscured by peak overlaps. Cleérly, as the level of sophis-

tication of analvsis increases, there arises a need for corresponding

increases in computatlonal facilities, versatility and speed necessary

to perform these tasks,

Consequently, a microcomputer System consisting of a DEC LSI-II

microprocessor, with 32K words of MOS memory, an AED 5100 duel—density
floppy disc mass storage device, an ASR-33 Teletfoe termminal, and a

4010-1 Tektronics graphics terminal was assembled and interfaced to an‘
ORTEC 6200 multichannel analyzer (MCA). In addition to this hardware

expansion a series of operator 1nteract1ve computer progranms have been.
developed to facilitate simple on-line analysis of x- ray spectra. The
software developed during this research has undergone a continuous
process of updating and revision in order to keep up with changes in

ewperlmental techniques and is documented in Appendices A through F,

Included in these listings are subroutine libraries (NXRYL, NGRAPH)

which serve as building blocks for the general-use programs (NEDS, NXRYRT

b
NMCS) "directed toward spec1f1c applications of data reduction and ana1y51

of EDS, ELS, and TSED data.

S

The software has been written in FORTRAN - TV

to optimize access in a multi-program/user environment and furthermore

to fac111tato modifications to existing programs as future developments

GCcur,

It is appropriate to note at this point that several subroutines

found in the X-Tay library (NXRYL) have. been adépted

in vhole or in part
from the MAGIC ‘series of

X-ray analysis programs developed by Colby®3

for Quantitative analysis of bulk specimens using electron microprobes,
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Three programs documented in the appendices are specifically
devoted to x-ray analysis — namely, MCA, NEDS, and NXRYRT. The program

MCA is used to read data from the multichannel analyzer and creates a

semi-permanent record onto-a floppy disc file. NEDS is subsequently

used to process recorded spectra, extracting characteristic intensities
from the raw data. Finally NXRYRT is used to convert relative intensity
ratios into composition measurements using a standardless approach. An
outline of a procedure for x-ray anaiysis using the "thin-film'" standard-
less technique is given next, and'fhis can be used for the majority of
x-ray work done on the current breed of TEM/STEM/AEM instruments. This
will be subsequently followed by a.discussion of the appliéation of the

absorption correction and finally on quantitative analysis using thin-
film standards.

Standardless Analysis:

Having optimized the various geometrical

and instrumental factors outlined in Sect. 2.2.6, one proceeds to record
spectrum from the specimen, which should be measured over a sufficient -
period of time to ensure statistical significance of éll characteristic
reaks under investigation. In addition to these considerations, one

should ensure that the sample is appropriately oriented sc that anomalous

~ aission due to electron channeling is minimized.88=90 Once the sample

‘Fectrum has been recorded and stored, then a second spectrum which is

21e 1o the effects of uncollimated radiation must be measured. This can
“® simply obtained by translating the electron probe off the specimen

~
°r

LN

¢Xample, by moving the probe into a hole in the TEM disc) and
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accunulating the resulting spectrun under identical operating conditions.

This "in-hole" spectrum should not exceed 5% of that obtained when the

electron probe is positioned on the thinnest region of the sample to be
analyzed, since the form of these two spectra may be quite differen%
because of differences in the mechanism of X-ray generation. Thus,
subsequent subtraction of spectra may result in substantial errors if
they are of comparable intensities.

The correction to the sample spectrum for uncollimated radiation
1s straightforward —-namely, a simple channel-by-channel subtraction.
In order for this subtraction technique Lo be considered valid, two
criteria must be satisfied. First the in-hole spectrum must be small
with respect to the sample spectrum; otherwise, large systematic errors
can develop. Secondly the in-hcle spectrum which is subtracted must
reflect the identical electron dose relative to the corresponding sample
spectrum.  For the case of CTEM/STEM instruments with conventional
themnionic emission or LaBg filaments the emission current has sufficient
leng-term stability that measurements at constant deteétor live time
¥111 to a good approximation be equivalent to constant electron dose,
This is not generally valid for field emission scurces where the emission
urrent can vary substantially with time and hence some appropriate beam
“urrent monitoring system must be developed to compensate, 21

Once the sample spectrum is corrected for fjuorescenée by uncolli-
"ted radiation then standard techniques for spectral deconvolution can

" <ployed, 92 In order to facilitate this procedure the program NEDS
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was developed for routine analysis. The program inputs from a floppy
disc file both a sample and in-hole spectrum, then performs a channel-
by-channel subtraction. Next all characteristic lines are identified
by the operator through the use of KIM markers. In this context, KIM
markers refer to lines Sﬁperimposed on a sample spectrum (displayed on a

graphics terminal) which indicate the positions of characteristic x-ray

_emission lines (Ky, Xg, La, Lg, My, Mg, etc.) for a particular atomic

species. Once all characteristic lines have been identified a background-

curve is calculated by fitting a polynomial expression of the form:

2 3
[ (e -k Eo — E. | ] (3 f piot. l
N(E) = { A _jljgf_l + B- ’“—if_—ll + Cpre¢ ™ exp|— E} -1l (2.52)
i ] i i J ]j=l» PJj cosa

to regions of the spectrum selected by the operator. Here N(E) is the
number of continuum photons of energy, Ei’ E; the incident eléctron
energy, A, B, and C fitting constants, and the last term is the detector
efficiency factor previously discussed. After background subtraction the
program proceeds.to fit Gaussian profiles to all characteristic lines
identified by the operator using a chi-squared minimization criterion.
For the case of overlapped peaks the program systematically searches
parameter space for those combinations of Gaussian peak shapes whose
values most closely duplicate the profile of the convoluted spectrum
(constrained to the response function of the detector system). Because

of this multipeak overlap analysis is not necessarily unique. When

fiﬂ%shed the program produces an output listing of all analyzed lines
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in a format suitable for processing using the NXRYRT program. A flow
diagram togefher with an example of a fitted spectrum can be found in
Appendix A for the program NEDS.

Following data reduction using NEDS or a similar program the next
step in quantitative analysis involves the reduction of measured intensi-
ties into composition values. _Currently the most popular procedure
employs the thin-film standardless approach using relative intensity
ratios. Here the intensity ratio of all characteristic lines in a given
spectrum is calculated relative to the most prominent peak. These

intensity ratios are then converted into composition ratios (using Eq. 2.26)

and the sample composition determined assuming that

Jco=1 . (2.53)
1

A flow diagram for the program NXRYRT which converts intensity ratios
into composition ratios. can be found in Appendik D.

| Three examples of standardiess analysis using NXRYRT for samples
of 8-NiAl, 8-ZrNb and Ni Mo are given in Table 1. As can be seen the
Calculated compositions for both the 8-NiAl and g-ZrNb alloys are in good
agreement with the compositions obtained from bulk analyses. The last
€xample NiyMo compares quantitative analysis of the samplg using
several of the cﬁéracteristic emission linés which can be simultaneously
Tecorded in a single x-ray spectrum. In‘this case:the most intense lines
were NiK, (7.48 key) and MoLgy (2;29 keV); however,:it was also possible

Lo measure the MoKy (17.4 keV) as well as the NiL, (0.85 keV) lines and

N
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Comparison of Thin-Film X-Ray
Specimens to Chemical Analysis Sta

Microanalysis of TEM .
rting Material

Intensity Composition
Sample Ratio Calculated Calculated
, Ratio (vt %
NiKy = 2,05 = 2.28 Ni = 69.5 = 68.
| K 4002 £0.02 Al = 30.5 = 31.5
B-NiAl-
e =170 | N, Ni = 69.9 -
Kg x0.02 | 1723 Al = 30.1
8-ZrNb - ke - 0.163 Z=o0am | M= s vy
™o 10,003 | T a0 g03 T = 8. R
Ko = 0,142 | Moo g 40| Mo=32.8 = 29.0
Nik, = 9 N = 0 Ni = 67.2 = 71.0
% 400003 +0. 01 e
Ni,Mo Yole - g.227 Ng = 0416 | Mo~ o 20
NiKe £0.003 | “ 40,005 ' e
oLl = 273 | Mof = g ccol  Mof = 30.7 = 29.
1L, +0.04 Ni +0.010 Ni = 60.3 = 71.

*
Wet chemical analysis of bulk specimen.

fElECtron microprobe x-ray analysis of bulk specimen.

TSignific

Tesult.

ant contamination of sample during analysis will affect this

O\
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; thus quantitative analysis using each of these lines was attempted. Analy-
i sis using the Nilg is clearly extremely poor when compared to the other

two determinations. This can be attributed directly to absorption effects

of the NiL, line in the contamination layer which formed during the time

of data accunulation. The results have ‘been included for comparison.

Considering the accuracies to which standardless analysis is valid (5%

for X-X and K-L lines, ~10% for L-L lines), these fesults are 1in good

agreement with bulk composition measurements.

T et el catad

Absurption Correction for Standardless Analysis: An extended

discussion on the inclusion of absorption effects was Presented earlier

in-Sect. 2.2.3. Unfortunately there is no simple analytic solution that

can be used to include all the aspects which were considered therein and
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hence numerical integration becomes the only viable alternative. If,

% however, one assumes that the generation function ¢\ (z) is nearly con-
§ stant, then Eq. (2.33) can be solved analytically as follows:
i Ko Kg (Lo \Ka,A _ sin(s,)
IA = 95 (0) - | exp—[oﬂj *p . «t] dt
3 0 "/ AB cos(Bi f-GE)
L] , . )
! [ 0Ke,a _ sin(s.) ]
I 1 — exp|—- (AJ <p- & " to!
K, PJAB cos (B; — 6p) J
4 = ¢, (0)- - ' P (2.54)
; A I\a A .
I —
l P AB Cos (Si - eE)

vhere in this equation ¢§a(0) is the generation function evaluated at

tro thickness (i.e., zero energy loss).
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Using this equation one can then write that the generated inten-

site ratio with correction for absorption is:

" KRS L e ey
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(2.55)

N etns 2 £ i MR T R R
" TG S R DB, TR 9 e e Rt A
[N R S SN 24

K, ) Ka,B B sin(Bi) )
Ka Ka [_‘_1_] a, - 1 — exp __(g_J *p e . to

6, (0) I, BIORY AB cos (8; — o) J
Ky - K 1 Kep | Y,m _ sin(s;) ”

'O ¢ |[Y 1 — exp _[gj 5 Jo
t AB 4 AB cos(Bi —-GE) J

This equation is of course only va11d for a homogeneous sample of tthK-

ness to

sample is nearly impossible without some prior knowledge as to the rela-

tive composition and thickness of each phase in the excited volume
Thus, one usually resorts to analysis of thimner regions of the sample
which can be then considered locally homogeneous. .

Once the intensity ratio has been corrected for absorption

effects, then the data can be converted into relative composition ratios

using the standardless analysis approach previously discussed. If, how-

¢ver, the application of Eq. (2.55) yields corrections in excess of 10%
then serious con51derat10n should be given to either extended calcula-
tions of the variation of ¢A with thickness (Sect. 2.2.3) or to repeat-
ing the measurements in a thinner region of the sample. Since a 10%
CTiterion is used as the maximﬁm acceptable.absorption correction, the

Wrrection due to characteristic x-ray fluorescence can be ignored

Quantitative Analysis Using Thin Standards:

Up to this point

“Antitative analysis has been approached on the basis of calculating

JrrCCtlon factors for the ocneratlon eff1c1ency of various x-ray lines.

bCSt these factors are'-accurateto 5% ‘and ‘therefore it betdme§

The application of an absorptlon correction to an inhomogeneous
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appropriate to examinc quantification using thin standards in an attempt
to improve the accuracy Qf an analysis. Consider the inténsity ratio of
the K, ;ine of element A (IAGJ from an unknown sample (AB) relative to
fhe intensity of the same line in a standard {IIS(%)J 'This can be

written in the thin-film approximation as:

— K KOL o
e QA Wt G fa N A
A - £ (2.56)
Ky = ' -
Isty oK. "Psmp X, Ko
STD -“Q . . . EY - “’_7‘

R Comp *wa*fa " Ns7p g

A

Assuming both the standard and the unknown sample are analyzed at the

same incident beam energy and experimental geometry, then Eq. (2.56) can

be simplified into

Iﬁa ry dz

(2.57)

K i
1% Ps st s Cstp

This eéuation now relates the characteristic intensity ratio to the
‘oposition ratio multiplied by three constant terms. These constants —
“ely the ratios of the relative sample densities [p/— SFD] the incident
tiettron flux during each measurement (nAB/nSTDJ , and the sample thick-
Ees [dzAB/ dZSTDJ — can each be measured independently. Thus it is pos-
e to improve the accufacy of thin-film x-ray Iﬁi.croanalysis assuming

I prepare siitable thin-film standards.
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2.3 Electron Diffraction Techniques

Various methods of obtaining structural information about solids

using electron diffraction exist; probably the most well known is the

selected-area—diffraction technique (SAD). In this method an aperture

placed in the.image plane of the objective lens of a TEM effectlvely

defines an area on the specimen from which an electron diffraction pat-

tern is obtained. The spatial resolution of this technique is ~5000 R

in diameter with the information being recorded in parallel on a photo-

graphic emulsion. The advent of STEM instruments with scan coils located

both above and below the specimen as well as modified electron optics

providing extremely small electron probes (<50 X in diameter) has led

to the development of complementary techniques to the SAD method. Among'

these modes are the scanning transmission?3 (STED),

transmission scanning®“
(TSED)

and statlonary diffraction patternS (SDp) techniques. In this

section the TSED and SDp techniques will be outlined and the relative

advantages and disadvantages discussed.

2.3.1 Stationary Diffraction Pattern Technique

The electron-optical diagram of the stationary diffraction pat-

tem technique in a JEOL JSEM 200 is shown in Fig. 62. A set of scan

»0115 above the specimen deflects the incident electron beam off the

SPlic axis at the back focal plane of the prefield of a highly excited

This dual-purpose lens acts not only as a final probe

°T71ng condensor lens but also serves to dcflcct the elcctron beam so
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that it is once again parallel to the electron-optical axis. The
remaining post-specimen field of the compound objective lens system

magnifies the resulting electron diffraction pattern so it can be con-
veniéntlylviewed on a phosphorescent screen at the detector plane.
Since the electron probe is incident oﬁ the sample plane paréllel to
the electron;optiéal axis, a stationary pattern is formed at all times
-at the final viewing screen.
The principal advantage of this technique is that diffraction
patterns from areas as small as 200 & can pe obtained by simply reducing

the size of the roster on the specimen. There are, however, two distinct

disadvantages of this method. First, the contamination rate usually

increases due to the increased current density found in the focused STEM
probe. Secondly, the diffraction patterns formed when operating in the
highest spatiéliresolution mode in STEM have poor angular resolution
due to the highly convergent beams (10°2 to 10-3 radians) used to form
the small electron probes. This effeét is illustfate& in the diffrac-
tion patterns of Fig. 63 for incident beam convergences varying from
nearly parallel illumination (~ 6 x 107" radians, CTEM imaging condi-
tions) to highly convergent illumination (v 2 x 1072, high resolution

STEM imaging).

This beam convergence can be changed in either of two ‘ways —
by using a smaller condenser aperture, or by decreasing the excitation
of the condenser tens current. Decreasing the aperture size is the

*implest means by which the angular resolution can be increased;
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however, this markedly reduces the incident beam current and hence the
diffracted intensities. Similar results can also be obtained by
changing the excitation of the second condenser lens which has a much
smaller effect on the probe current; however, there is a substantial
change in the probe diameter as the condenser current is varied.
Figure 64 shows the measured variation in probe diameter as a function
of second condenser lens current in the JEOL JSEM 200 operating at

200 keV with a condenser aperture of 100 ym. At an excitation of 43 mA
the probe diameter was ~1 ym at a convergence of v~ 10-* radians, while
at STEM imaging conditions (v 52 mA) the probe diameter was ~100 R at
a convergence of ~10-2 radians. Probe size measurements in Fig. 64
were made by scanning the incident beam perpendicular to a cleavage
surface of a crystal of spherolite and simultaneously recording the
signal rise profile of the transmitted beam intensity,

Although convergent beam diffraction patterns (CBDP) have poor
éngular resolution, they contain a substantial amount of information;
txamples of this can be found in the literature.83, 89, 96, 97
Furthermore, it is not always necessary to operate a STEM instrument
in the highest resolution mode; thus one can judiciously adjust the
parameters of probe size, convergence, and current in order to optimize

*5,

¢ relevant experimental information obtained during an analysis.

fiture 65 illustrates this point, showing a TEM micrograph of a V-Ti-C

i loy containing-carbide precipitates. With the STEM probe adjusted to

- » = . gty
0 A in diameter CBDPs were measured from both the carbide precipitate

vt R
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Fig. 64. Variation in Electron Beam Diameter as a Function of

Condenser Lens Excitation.
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as well as the matrix regions as indicated. The CBDP obtained from the

precipitate reveal a number of extra reflections, which are also easily
detected using SAD techniques. Howevér, using SAD it was not possible
to determine uniquely whether the extra reflections were a result of ,
faulting and/or twinning in the precipitate or due to an exfension of .

the unit cell. The CBDP obtained from the nearby matrix region clearly

shows the presence of Kikuchi lines which are not detected in the
precipitate region indicating that faulting and/or twinning is the most

likely source of the satellite intensity.

2.3.2 Transmission Scanning Electron Diffraction (TSED)

Transmission scanning electron diffraction (TSED)2%%,95,98 refers
to the process of post-specimen scamning and the subsequent electronic
recording of the intensity distribution of diffraction patterns for
static incident electron probes. Since this technique involves post-
specimen scanning, any intensity distribution which can be observed in
the TEM can be measured; thus when operating in the CTEM imaging mode
this,techﬁique is referred to as transmission scanning electron micros-
copy (TSEM).95:98 The most important aspect of TSED/TSEM is that the
intensity distribution is measured electreonically rather than photo-
graphically yielding a greater sensitivity as well as a wider range of
linear response (103 versus 101) to changes in intensity. The major
drawback of the technique is that the informatioﬁ is at present recorded

Serially. Thus each point must be measured sequentially and hence
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scanning rates necessary to accumulate sufficient statistics may be slow.
This lengthy recording time may then introduée other errors such as stage
drift.

Figure 66 is a schematic diagram of the electron optical system
used for TSED/TSEM meésurements in the JSEM 200. In this system a set of
post-specimen scan coils located between the intermediate and projector
lenses is used to translate the intensity distribution of‘interest across
an aperture in the final viewing screen of the microscope. The sweep
rate is determined by a time base in the ORTEC 6200 multichannel scaler
(MCS) which produces a digital voltage ramp of 1024 points/scan whose
dwell time can be adjusted from 1 us to 10 s per chamnel. This digital
ramp is routed into é control circuit which splits the signal into a
raticed sef of x and y scans to which a dc level shift is introduced.
Using thié signal splitting circuit (Appendix G) digital line scaﬁs of
continuously variable amplitude, position and orientation can be gener-
ated along any desired direction. The detector system consists of the
scintillator/photomultiplier unit normally used for STEM imaging. How-
ever, in this case the output of the photomultiplier tube (PMT) is routed
through a two-étage linear preamplified/amplifier system having a vari-
able gain of 5 to 50 times rather than the STEM electronics. The signal
15 then digitized using a voltage-to-freqﬁency converter and subSequeﬁtly
Storéd in the MCS unit. After the dataAhave been accumulated in the MCS
memory, software programs can be used to transfer these data to thé on-
line microcomputer system for storage (using the program MCA) or analy-

$is (using the program NMCS).

gy,
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Figures 67 and 68 are examples of TSED and TSEM measurements made
on a TEM/STEM instrument equipped with the identical scanning and detec-
tion system as described above.98 Figure 67 shows the measured intensity
distribution along a <220> direction in reciprocal space of a single
crystal of coppef in the (001) orientation having a thin surface oxide
layer. Two superimposed traces are shown in Fig. 67(a): Trace A is
plotted such that the transmitted beam intensity can be conveniently
cbserved, whereas the second trace B is the same data replotted using a
scale factor 100 times éreater along the y-axis; in this curve the Bragg
intensities as well as the weak oxide reflections are clearly discernible.
The ratio of the weakest oxide reflection to that of the transmitted beam
intensity is nearly 2000/1. Figure 68 shows an example of a TSEM measure-

ment of the oscillatory fringe contrast from a semicoherent 8~ plate in

Al-4% Cu.

2.4 Electron Energy Loss Spectroscopy (ELS)

As electrons pasé through TEM specimens they suffer losses in
energy due to various inelastic scattering events. These changes in
tnergy have two consequences. First, they are responsible for image
distortions due to chromatic aberations which can complicate or obscure
image detail. Second, the energy losses, which the transmitted beam

Incurs, are related to specific inelastic scattering processes and thus

_Contain information concerning the nature of the atomic, electronic, and

¢lemental structure of .the sample. Furthermore, electron energy loss

© fpectroscopy (ELS) “has the highest yield of ‘informaticn per inelastic™
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Fig. 68. Example of TSEM Measurement of Fringe Pattern of ¢~

Precipitate Shown 'in (c).
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scattering event due to the fact that one is now measuring fhe primary
interaction process rather than a secondary process such as x-ray or
Auger emission. For materials related research, one of the most impor-
tant aspects of ELS is the ability to perform light element analysis

such as the detection of the interstitial elements C, N, and 0. These

measurements cannot realistically be made using conventional x-ray EDS

techniques and thus ELS complements the capabilities of an analytical
clectron microscope system. Spatial resolution of this technique is
essentially limited only by beam broadening effects and hence for suit-
able specimens resolutions less than 5 nm are possible.

Micréchemical analysis using energy loss spectroscopy is obtained

by measuring the number of electrons which have undergone characteristic

energy losses due to the excitation.of inner shell levels. These loss

¢lectrons exhibit characteristic profiles in an energy loss spectrum,

which are similar in shape and meaning to the classical absorption edge
profiles iﬁ X-ray spectroscopy and are thus similarly labeled. Quanti-
;utive analysis using ELS is still in the early stages of development
and at the present time the formalism propésed by Egerton and Whelan9°
feems most promising.

During this study ELS was used only as a qualitative tool to
Zrtect the presence or absence of oxygen in localized regions of the
¥PtCimen; however, quantitative analysis using ELS is an inferesting

= important aspect of AEM.
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CHAPTER 3
3. EXPERIMENTAL OBSERVATIONS AND RESULTS

3.1 ~Instrumentation

A JEOL JSEM 200 transmission electron microscope was the primary
instrument used during this investigation. This microscope was equipped
with a side-entry goniometer stage allowing specimen tilting so that
crvstallographic analysis can be performed. In addition, the instrument
had facilities for scanning transmission electron microscopy (STEM),
secondary electron (SEM) and backscattered electron imaging (BEI). Speci-
nen holders capable of double-tilt, tilt-rotate, single-tilt cooling
(-196°C to 25°C) and heating (25°C to 300°C) were also available. The
clectron source was a standard thermionic tungsten hairpin filamenf and
the microscope was capable of operating at accelerating voltages of 200,
130, 100, and 50 kV. Unless otherwise specified, all micrographs and
measurements presented in this section were made at an incident beam
energy of 200 keV in conventional TEM imaging and diffraction modes.

Because of the nature of the experiments to be performed in the
Tresent work, substantial modifications have been made to the electron-
“tical column of the JSEM 200 in order to upgrade this CTE}VSTEBI
“Sirument into an analytical electron ﬁicroscope,(AE%D. A solid state
Ly x-ray detector was interfaced to the microscope column and an x-
"3 collimator designed and attached to the detecfor head. A special

;:@mSStrahlung aperture (see Sect. 2.2.7) was subsequently installed and
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a double-tilt stage modified to reduce system peaks. (see Sect. 2.2.7).
To lessen the number of backscattered electrons from the anti-
contamination device, objective aperture blade and pole-piece material
from hitting the sample,. graphite blocks or coatings were judiciously
placed in the specimen.chamber. The vacuum system was improved by the
addition of a turbo-molecular pump (500 liters/s) to further increase
the vacuum in the specimen region and extra liquid-nitrogen coid traps
were designed for the sample chamber, high resolution diffraction
chamber, and each of the roughing pump lines to reduce backstreaming
and contamination. Special isolétion valves were fitted to the speci-
men prepump énd column roughing line to further inhibit backstreaming
from these sources once the sample was introduced into the column
vacuum. Bayard-Albert ionization gauges were attached to the system
to monitor the vacuum 1évéls in tﬁe specimen chamber and turbopump lines.
After these modifications, the column vacuum near the specimeﬁ was
typically ~8 x 1078 torr and ~2 x 1077 just above the turbopump. In
order to improve the diffraction capabilities in STEM, it became neces-
sary to remove and bore out a fixed aperture in the intermediate 1en$
pole piece. The diameter of this fixed aperture was increased from 3 mm
to 1 an yielding nearly a threefcld increase in the angle subtended in
the STEM diffraction mode. A Faraday cage was designed to fit in the .
Viewing chamber of the éolumn and a ten times preamplifier added to
the STEM detector to improve the signal-to-noise performance in the
STEM mode. Finally, an on-line computer ;ystem was interfaced to the'

MiCroscope via the multichannel analyzer. The mini-computer was
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subsequently connected to the central computer of the Materials Research

Laboratory to allow paper tape and/or direct telephone line transfer of

data.

¢ A second instrument recently acquired by the Materials- Research .

LTI Y PTRIERE SRPO T N PRV S ST U SYSEZIP Y
k3

Laboratory was used for the electron enérgy loss measurements presented
in this study. The microscope was a Vacuum Generators HBS, dedicated

4 i scarning transmission electron microscope (DSTEM), operating at acceler-

ating voltages up to 100 kV. The electron source was a cold field emis-

é § sion tungsten single crystal tip and under normal operating conditions
: % the vacuum levels in this UHV instrument were ~2 x 10~!! torr in the
% gun chamber and~2 x 1079 at the specimeﬁ. Electron energy loss mea-
% surements were made on a w/2 magnetic sector energy analyzer having an
§ energy resolution of 1.2 eV at an input divergence of 10°* radian. These
g' data were recorded on an ORTEC multichannel scaler and subsequently
% analyzed on the mini-computer system previously discussed (Sect. 2.2.8)
% using the softwére described in the appendices ofvthis thesis.
3 '
% 3.2 Sample Preparation
4
% The samples used for this study were prepared from an ingot of
% Ir-15% Nb kindly provided by Drs. Paton and Williams of Rockwell
§ International Science Cenfer, Thousand Oaks, California. The as-
g received material was homogenized for five days at 1000°C in the B
% field and then quenched to precipitate fhe oﬁega ﬁhase. The bulk sample
% %a8s cut into wafers approximately 0.5 mm thick using a high-speed water-
% Féoled diamond slicing wheel and disc shaped specimens 3 mn in diameter
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é % were subsequently prepared using electrodischarge machining. These discs
g % were cleaned in an HF-HNO3 solution® to remove contamination from the
g, i surface then washed in reagent grade methanol. In order to ensure

? g retention of the omega phase in these discs, all samples weré heat

é § treated and.Quenched a second time. Tﬁé 3-mm discs.were wrapped in
é zirconium foil and placed in quartz tubes. Large aggr;gafés of sponge
g titanium\;;f;“;1s;m£££fodﬁced into the quartz capsules in order to

; § assist the zirconium foils as oxygen getters during heat treatment.

: g The capsules were evacuatedxto a dynamic pressure of 9 x 107® torr and
% backfilled with high—furity argon gas. The backfilling and evacuafion
§ proceduré\was yepéated.five times in order to flush as much residual
% " gas out of the tube as possible. The capsules containing a 0.25 atm
% of argon were then sealed and the samples homogenized for 2 h at 1000°C,
g followed by dﬁencﬂiﬁg ihto an ice water bath. Following heat treatment,
3 : _

% the discs WereAanalyzed using wet chemical, vacuum fusion mass spectro-
g graphic and électron microprobe techniques. The results of these analy-
% ses are summarized in Tabie 2.

e
b

Initialipolisﬁing attempts concentrated on the documented chemical
polishing technidue of Sass et al.” 12 in their studies of Zr-Nb alloys.
This technique was difficult to use and met'with only limited success.
Furthemmore, when the sample thickness fcll below approximately 200'um,
hydride plates were observed to form spontaneously throughout the sample
similar to that reported by Flewitt et al.#éq‘in'alloys of 40-85% Nb with

Zr. Cooling the solutions to —30°C did not reduce this precipitation and
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on.continued polishing.the hydrides were observed -to grow, with perforation . .
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Table 2. Chemical Analysis of Zr—15% Nb Samples after Heat Treatment

et
£t

. . Concentration
Flemen ‘(atomic parts per million)

? | ‘ | 8a.6_(wt )t
| " . 15.4 (wt %)

N | S 865

2358

SRRl DTS

S S SR St e,
b
%)
1
w
==

ki
i
H

(@]

—
IS

BT

Ca = | | < 0.3
Ti | sof

i #

S Fe 50

F4 A

& Ni. <

Z Pd 7#

3 cd < 3#

g Sn < 2‘

"; HE 20"

ARG

oo
=
<
w
=3

‘ * . :

g ‘Average of three determinations. -
Wet chemical analysis.

1cElectron microprobe analysis.

§ . .

Vacuum fusion analysis.

# . .
3 Mass spectrographic analysis.
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usually océurring at one of these plates presumably due to preferential
polishing. Optical and TEM micrographs of this structure are shown in
Fig. 69.

In an attempt to reduce this hydride precipitation, a solution
developed by Schober and Sorajic,10l which avoids the introduction of
hydrogen into the sample, was used. This electrolyte, 0.05 moles/liter
of Mg(C104)2 in CH30H, has been successfully used to reduce the hydride
formation. Samples were prepared in a dual jet electropolishing unit
operating at a potential difference of 100 V drawing a current of 0.05 A;
The sample was mounted in a Teflon holder with all electrical connec-
tions made using platinum wire; the cathode used was stainless steel
and the solution kept at —30°C. Due to the nature of the electrolyte
a thick viscous film was observed to form during electropolishing.
Schober recommended washing in a dilute H,SO, solution after perfération;
however, it was found that by adjusting the flow rate of the polishing .
solution through the twin jet system to 10 ml/s/mm? it was possible to
continuously wash the film from the sample surface. Perforation was
monitored by the detection of transmitted light from a He-Ne (100 mW)
laser via a photo-resistor/light pipe system. This photo-resistor was
electronically coupled so that when light was transmitted through a

small hole produced by the electropolishing both the flow of polishing

solution as well as all electrical power were disconnected. Samples

“ere immediately washed in reagent grade methanol for approximately
2 min followed by a gentle drying using a forced-air blower. The air

flow in this case was always directed parallel to the sample surface
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Fig. 69. Optical (a) and CTEM (b) Micrographs of Hydride

Precipitates in Zr-15% Nb.
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in order to avoid possible damage to the thin specimen area. Typical
thin regions usually contained one or two large grains allowing easy

manipulation for crystallographic analysis.

3.3 Microstructural Observations

During the course of this study a variety of microstructures in
addition to the as-quenched w + B morphology were noted in the Zr—15% Nb
alloy. In at least one case the experimental results were initially
misinterpreted as the formation of a long-period ordered structure of
the w phase, and hence a complete characterization of each phase observed
became an important part of this research. A summary of these micro-

structures and their analysis is described in this section.

3.3.1 As-Quenched Morphology of the Omega Phase

The as-quenched microstructure of the Zr-15% Nb alloy containing
the omega phase is shown in Fig. 70. Since there are no discernible
microstructural features in a bright-field TEM:image, the presence of
omega must be confimmed through the use of electron diffraction, as is
shown in the (011) diffraction pattern of Fig. 70(b). The most striking
feature of the microstructure of this alloy is the absence of any observ-
able dislocation structure. This result has been reproduced in some 30
as-quenched samples containing the w phase indicating an apparent dis-
location density of less than 105/cm?. This low d&slocation density
correlates with the presences of the omega phase, since for a Zr-Nb alloy

which does not contain omega, the dislocation density is on the order of

10®/am2. This can be seen in Fig. 71 which is the microstructure of a

¢
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Zr—80% Nb alloy having undergone identical sample preparation steps
(heat treatment, polishing, etc.) as the 15% Nb alloy. The absence
of the omega phase is clearly indicated in the (011) electron diffrac-
tion pattern of Fig. 71(b). |

Figure 72(a) is a TEM bright-field micrograph of the as-quenched
omega structure at higher magnification and as pointed out no distinc-
tive features are present. Dark-field micrographs such as Fig. 72(b)
taken using an wopop reflection [indicated in Fig. 71(b)] show the pres-
ence of omega domains less than 30 R in diameter distributed uniformly
in the bcc matrix. Throughout this work no aligrment of the omega
domains along <111> directions of the bee lattice has heen observed.
The fact that in the most recent publication of Kuan et al.1? it was not
possible to duplicate the alignment‘of cmega particles along <111> direc-
tions is significant in that there is now no conflict between these results
and that of Sass et al.? 11 A sumary of electron diffraction patterns
from the 15% Nb alloy over a standard Sterecgraphic triangle is given

in Fig. 73.

3.3.2 Spontaneous Relaxation Effects

Although the microstructure shown in Fig. 70 is relatively simple,
this observation was more the exception rather than the rule for this
alloy. The majority of the samples were observed to contain thin foil
artifacts which exhibited planar lath-like features. This phenomenon
has been termed "spontaneous relaxation''l02—105 and has been attributed

10 a relaxation of the bulk specimen constraints during thinning due to
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Fig, 72. Bright (a) and Dark-Field (b) CTEM Micrographs of the
As-Quenched w Structure Showing Approximately 30 A © Domain Size in the
Dark-Field Images.
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the proximity of the sample surface. An example of this microstructure
is shown in Fig. 74, Generally these laths do not occur over the entire
specimen region; they do, however, change under the influence of the
electron beam. An exémple of the "dissolution'" of these laths with
time, and electron irradiation can be seen in Fig. 75. The region in
the lower right of Fig. 75(a) shows the presence of the thin foil artifact,
while a moving interface in the upper left was caught in the process of
transforming the lath-1like region. Within approximately 2 min of
initial observation (at 200 keV) the region was completely transformed,
The diffraction patterns of Figs. 75(b) and (c) show that only a change
in the relative Crystallographic orientation (~10°) from approximately
(001)8 to nearly (113)8 has occurred as the interface swept across the
field of view. No apparent structural differences were observed
between the lath-like and matrix regions. However, it was not possible
to verify this observation using a complete Crystallographic tilting
experiment due to the finite lifetime of these thin foil artifacts,
Spurling et al.l02 has shown that argon ion beam milling tech- -
niques can be used to circumvent the relaxation problem in titanium
alloys. Using this technique it was possible to eliminate the relaxa-
tion phenomenon in the Zr-Nb alloy; however, there are two serious draw-
backs of using ion milling with fespect tor'this study. First, considerable
radiation damage is introduced into the sample by the ion beam. This

Produces a "mottled" background superimposed on a coarser undulated
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structure as shown in the micrograph of Fig. 76. This structure

precludes any high resolution studies of the w phase morphology. The
second problem related to ion milling is associated with specimen heat-

ing effects. This is due to the fact for typical specimens ~100 ym

thick the ion beam milling times were on the order of 48 h for a dual
beam system operating at 5 keV at 30 mA of ion current, and a 20°

glancing angle. Under these conditions sample heating effects in

excess of 50°C were noted. This has particular importance due to the

fact that the omega transformation temperature is in the vicinity of

150°C. Thus, due to these effects, ion beam thinning of TEM specimens

was discarded as a viable solution to the spontaneous relaxation prob-

lem in this alloy.

3.3.3 Phases Resulting from Compositional Inhomogeneities

It was also observed that occasionally isolated regions of a few

specimens contained structures not associated with either the problems

Previously discussed or the omega phase morphology. One such region
is shown in Fig. 77(a) with its (011) diffraction pattern below.
Clearly this structure is not characteristic of the 15% Nb alloy, and
subsequent X-ray microanalysis measurements showed these regions to be
Significantly different in composition. The region shown in Fig. 77,
for example, was analyzed to contain 50% Nb. All samples found to have

such inhomogencities were discarded from further experimental work.

T .
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3.3.4 Phases Resulting from Incomplete Quenching

Several samples were observed to contain a coherent lath struc-
ture approximately 2500 R in breadth aligned along a <011> direction
of the bcc lattice as shown in Fig. 78. These structures were for the
most part too small to analyze using conventional diffraction tech-
niques and thus stationary micro-micro-diffraction was utilized. As
can be seen in Fig. 79 these laths alternate between 8 and B + w phase
reglons with an occasional hexagonal area being detected. STEM x-ray
microanalyses of these laths indicate their composition to be Zr—15% Nb
with no segregation between the alternate phases. The development of
this structure is probably the result of incomplete quenching from the

B field to room temperature.

3.3.5 Intermediate Structures

The second most frequent feature detected in B + w containing
samples is shown in the bright and dark-field micrographs of Fig. 80.
As in Fig. 70, no distinct bright-field structure can be recognized;
however, in this case dark-field images formed using an wggg, reflection
show a structure of approximatély 10 R periodicity aligned along [200]
directions of the bcc lattice. Diffraction patterns from the ideal as-
quenched w structure and this sample are compared in Fig. 81, Satel-
lites ére clearly observed to develop just off wggq, reflections and
are aligned parallel to [222] directions. Dark-field images formed

using an 8 wggg, and a satellite reflection show a characteristic fringe
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Fig. 79. Analysis of Lath Structure in Zr-15% Nb Using Stationary

Diffraction Pattern Technique.
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pattern perpendicular to the [222]8 direction with a spacing of 25 R as
shown in Fig. 82. The cbservation of such a Structure was initially
interpreted as the formation of a long period ordered structure of alter-
nating 8 and w phase regions as predicted by Cook's?7—29 theory of the
omega phase morphology in Zr-Nb. Thermal cycling experiments on pre-
thinned specimens between —196 and +30°C failed to change the relative
intensity of these w satellite reflections. Furthermore it was not pos-
sible to consistently observe this morphology from one sample to another.

These inconsistencies were resolved when the existence of a thin
hexagonal film was discovered on samples exhibiting identical w satellite
reflections. Figure 83 shows one of the few cases in which this film
extended beyond the edge of the specimen. The diffraction}pattern insert
Clearly indicates its hexagonal nature. STEM x-ray microchemical analy-

sis of this region indicated a composition identical to the matrix (i.e.,

Nb).

15

DN

Electron energy loss measurements were then subsequently performed
in order to check for the possible formation of an oxide layer. The
energy loss spectrum labeled a in Fig. 84 was recorded from a contamina-
tion zone purposely formed on the film by allowing the STEM probe (in a
VG HBS) to remain stationary on a region of the sample for ~0.5 h. In
this case a carbon « loss edge is clearly observed. The second spectrum
(b) was measured under identical operating conditions by simply trans-
lating the electron probe to a '"clean" area of the specimen. The positions

of the carbon and oxygen k loss edges are indicated on both spectra and it

-Seems that there is no- significant oxygen concentration detectable in
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Microstructure of Thin Crystalline Surface Film.

‘Fig. 83.
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either case. The slight ripple near the position of the oxygen « edge
is due to electronic noise and was not reproducible on repeated scans.

The development of the w satellites can now be interpreted by
reference to Fig. 85. The diffraction pattern of Fig. 85(a) was recorded
from the thick (dark) region of Fig. 83(a) and is a (011)8+w pattern.

The hexagonal pattern (b) waé recorded from the thin film shown on the
same micrograph and is shown in the appropriate experimentally determined
orientation with respect to the B + w matrix. The diffraction pattern
labeled (c) was produced by superimposing the negatives of Fig. 85(a) and
(b) and the correspondence to the diffraction pattern of Fig. 81(b) is
apparent. These results indicate that the w satellite formation can be

‘ _ attributed to the existence of a thin crystalline surface film and not to
the development of an ordered B + w structure.

A second type of lath structure was also observed in some of the
samples and is shown in Fig. 86. These laths have a width of approxi-
mately 500 & and no compositional variation was noted between the features.
A sequence of diffraction patterns over a standard stereographic triangle
is reproduced in Fig. 87. These patterns can be indexed as the B and
as-quenched @ structures together with an fcc phase having a lattice
parameter of 5.01 R. The orientation relationship between the fcc and

bce phases has been determined to be the following.

(011) | (211) and [200] gl [101] .

which differs only slightly from the Kurdjumov-Sacks relation

» . (011) ] (111) ¢, and (1111 ] (T01] ¢
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Fig, 85, Development of w Satellite Reflections Due to Super-

Pﬂsltion'cf Hexagonal Pattern (b) on (011) 8 + w Pattern (a) Resulting

in Pattern (c).
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The periodic reflections along the [020] direction of the (001)8 diffrac-
tion pattern are consistent with spiking effects from the (011)fCC
reciprocal lattice plane only 10° off the (001)8.

Argon ion-milling of the thinned disc for 1 h at 4 keV and 30 mA
completely change the observed structure as shown in the TEM micrograph
and corresponding diffraction patterns of Figs. 88 and 89. It was not
possible to determine whether these changes were the result of the
removal of a surface film or due to specimen heating effects. This
structure can be a discontinuous form of the hexagonal film shown in
Fig. 83 since the (011)g patterns of the two are extremely similar. It
is possible that these structures are a form of the 8-hydride which in
the zirconium-hydrogen system has an fcc crystal structure and a lattice

parameter of 4.79 f.

3.3.6 Precipitation of Coherent Isothermal Omega

Specimens aged for one year at room temperature developed a
coherent precipitate consistent with the early stages of isothermal (aged)
onega. These precipitates are shown in Fig. 90 and appear to be platelets
approximately 200 R in diameter and less than 100 R thick. Their
coherent nature can be identified by the absence of a sharp well-defined
interface with the bcc matrix indicating the presence of a strain field
AL their perimeter. Interestingly, these platelets form a periodic struc-
ture along one of the {111} planes in the bcc lattice with an average

sPacing of 400 R as shown in Fig. 91. Higher magnification images also

indicate the presence of a thin crystalline surface film. This can be
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Fig. 88. Microstructural Changes Resulting from Argon Ion-
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Fig. 89,

Corresponding Electron Diffraction P
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3ﬁcrostructure of Fig. 88.
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inferred from the discontinuous Mbiré. fringe pattern shown in the
TEM bright field image of Fig. 92. Selected area diffraction measure-
ments made as a function of sample thickness (Fig.‘93) also indicate
the presence of a thin surface film.

The electron diffraction patterns observedoner a standard
stereographic triangle for this sample are summarized in Fig. 94. The
formation of <100> superlattice reflections as well as changes in the
bce lattice parameter (a, = 3.41 &) are consistent with the occurrence
of solute segregation followed by the formation of the coherent iso-
thermal (aged) omega phase with a ¢/a ratio of ~0.615 and having the

orientation relationship
(111)BH(0001)w and [011]&][1120]w

It was not possible to confirm experimentally changes in composition of
the matrix using X-Tay microanalysis du¢ to the high contamination rate
in the JSEM 200. Electron energy loss measurements did not indicate the
presence of oxygen in the sample. The %-<112> and %—<110> reflections

in these patterns are due to the thin surface film and can be indexed as
an ordered face-centered cubic structure having the following orientation

relationship with the bcc lattice
(111)Bn (011)fCC and ; [110]Bﬂ [200]fCC

The corresponding lattice constant of this fcc structure is ap = 4.82 A.

(2]

4 In-Situ Thermal Cycling Experiments

Samples characterized as containing only the as-quenched u and

~ Phases were used in.the thermal cycling experiments described in this

i
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Fig. 92. 40 R Moir€ Fringe Pattern Possibly Due to the Formation

of a Thin Surface Film.
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section. Specimens were mounted in a single-tilt cooling state and ﬁea-
surements of the relative intensities of the w and B reflections were
made as a function of temperature using transmission scanning electron
diffraction (TSED). All measurements were made along a <222> Systematic
row in an {011} reciprocal lattice plane, with the sample oriented for

exact <222> Bragg scattering. The data were recorded on an CRTEC 6200 MCS

. and transferred for analysis on an LSI-11 microcomputer system using -soft-

ware listed in Appendix E.

In order to perform these TSED temperature measurements using the
existing cooling stage it was necessary to orient the spcc1men so that an
{011} pole could be reached using only the 51ngle-t11t-ax1s available.

This was accomplished by inserting the sample into the microscope and

h noting its Crystallographic orientation relative to the tilt axis. The

stage was then removed from the column and the specimen appropriately
rotated (relative to the tilt axis). The sample was then reinserted into
the TEM and the process répeated until a {011} pole could be successfully
reached.

The temperature of the stage was monitored using a Copper-
Constantan thermocouple attached to the cooling block in which the sample
¥as mounted. The voltage dlop across the thermocouple Junctlon was mea-
sured using a LELD and NORTHRUP millivclt potentiometer. Temperature
dependence studies were made unidirectionally from —196°C to room temper-
ature by ailowing the liquid nitrogen cooled stage to equilibrate to |

Zwbient temperatures via thermal conduction through the stage block.

ove

ihis

Was necessary because no temperature controlling facilities were
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available for this stage. As a consequence of this, each temperature scan

required approximately 12 h of continuous microscopé operation. During

this time the specimen position was periodically checked to ensure that

all measurements were made at constant thickness and orientation. Due to

the extremely long duration of each set of measurements, all intensities

were normalized to that of the <222> Bragg reflection to compensate for

changes in incident beam current. In this experiment; the intensity of

the <222>B Bragg peak was monitored rather than the <000> transmitted beam
intensity so that the system could operate at the maximum possible sensi-

tivity. Thus the gain of the photomultiplier tube (PMTI) was adjusted so

that the <000> transmitted beam intensity was just short of saturating the

detector The remaining linear amplifiers were then used to amplify the
<222>B intensity to the maximum level which can be processed by the voltage-

to-frequency converter used to digitize the intensity measurements.

Figure 95 shows typical selected area diffraction patterns recorded
at a (stagej temperature of —196 and +22°C from approximately an 1000-A-
thick region of the Zr-15% Nb alloy. No substantial dixferences between
these two patterns can be visually detected. TSED measurements of the rela-
tive intensity ratio of the wooo2 and By, reflections as a function of
temperature are given in Fig. 96. A monotonic increase of the wWooo2 peak’
relative to the 855, intensity with decreasing temperature is apparent.-
The variation of the intensity ratio of the Wooo2 to the wggg, refleCtion

is €ssentially constant as indicated in Fig. 97. In-situ thermal cycling

Bperiments were repeated on this sample four times with identical trends
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being observed. The accumulation of contaminatiom on the saﬁple:,, however,
prohibited direct comparisons of these data from one measurement to
another. Im addition, prethinned samples thermally cycled at 12-h intervals
between —196 amd 30°C over a period of eight weeks exhibited identical
trends when subseguently rrieasured on thce JSEM 200.
Structure factor calculations of the intensity distribution along

a <222> 8 directiom for two different B + w structures are schematicallyA
shown in Fig. 98. In this figure the relative intensity of a diffraction
maxima (i.e., the square of the calculated structure factor) is Iineari}r
proportional to the radius of the circle used to represent a given reflec-
tion. The first set of calculations [Fig. 98 (a)] illustrate the changes
in diffracted intensity as a pur.é« becc s.tructure (n = 0) is subj ec\ted to a
sinusoidal w-forming displacement wave [Iq. (1. l)j as a function of order
parameter (m). Thus if the bcc structure was cdmpletely transformed inteo
the w phase structure factor considerations predict the ratio of woo02/Wopgt

to be 9 to L. Table 3 lists the wggg, to wooo1 ratio for specific values

g

of n. 'Figm:e» .98(b) represents structure factor calculations along a <22Z>
direction for am ordered phase of alternating § and w regions.  In this case
1t vas assumed that these regions had a spatial extent of 24 & (i.e.,
approximately four B cells = eight w cells) along the <222> direction.

This spatial extemt is consistent with the experimental observations of
Tiega domain size observed in this work as well as in the lite-ra.-ture-.

Table 4 Iists the calculated structure factor ratios for this periodic

\

arrangement.
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tion in an Electron Diffraction Pattern for: (a) a Homogeneous Sample
Tﬁﬂging from the Pure g Phase (n = 0) to the Ideal w Phase (n=1) and

b) to a Completely Ordered Structure of the 8 Plus w Phase.
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Table 3.

Calculated Structure Factor Ratio for Ideal.Omega

Phase as a Function of Order Parameter (n)

Order Parameter

Structure Factor Ratio

(n (W9002/wpg01) 2
0 .
0.1 4.73
- 0.2 5.46
0.3 " 6.18
0.4 6.85
0.5 7.47
0.6 8.00
0.7 8.42
0.8 8.74
0.9 . 8.93
1.0 9.00

Table 4.

Structure of

205

Calculated Structure Factor Ratio for Long Period Ordered

B + w Phase as a Function of Order Parameter (n)

Order Parameter

Structure Factor Ratio

(n) (wop02/wggg1) 2 (wo002/B222) 2
0 - -
0.1 4.73 0.0041
0.2 5.47 0.0197
0.3 6.18 .0.0544
0.4 6.86 0.123
0.5 7.47 0.250 .
0.6 8.00 0.476
0.7 8.42 0.943
0.8 8.74 1.41
0.9 8.94 1.98
1.0 9.00 2.25
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Unfortunately the effects of double: diffraction as well as: inelastic

scattexring: preclude: a: direct: comparison: of these calculations: with: experi~

,f mental measuremepts:;: however,. the: following qualitative interpretatiom of

; the: experimental. data: can: be: set: forth.. Since the ratio of the. wWo002/Woeen
intensdity” remains' essentially constant as a. function of temperature;,, it

cam ber eomcdnded” that no changes in the degree of completion of the w to &

B et i P W RIS VRNEIII SENER SRy SN LI LIPS TR, SNRYRVIIAGS TP POpvs

transfoirmation has: occurred: due: to changes; in: sample temperature.. The
_monotonic increase: im the: wygg, intensity relative to the By22 Teflectiom
can. thus; be: interpreted. as: an increase of’ the total volume fraction of the
w phase: Im: the: sample: with respect: to the g phase.. At no time during these
i measurements: was: 1t: possible- to detect an ordering of the phase relative
to the g phase: either through changes in. relative intensities of diffrac— :

i«
tiom peaks; or by  the: development: of ordering reflections corresponding to ‘

i
a long period. structure.. : : !
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CHAPTER 4
4. CONCLUSIONS

The results of this research can be lelded 1nto two parts —

namely the study of the as-quenched omega phase morphology, and the work

involved with the application of analytical electron microscopy to mate-

rials characterization. With regard to the omega phase, this research

has shown that (1) the domain size of the as-quenched omega structure in

Zr-15% Nb is on the order of 30 &, () no alignment of omega domains along

<222>8 dlrectlons is observed, and (3) samples having undergone thermal

cycling experiments in thin foil form did not develop a long-period struc-

ture of alternating g and phases below the omega transformation tempera-

ture. The size of the omega domains noted in this work is consistent

with that previously quoted in the literature, yet for a number of years

it has been reported that these domains arrange themselves perlodlcally

along specific directions of the bcc lattice. It is dlfflcult to simply

resolve this dlscrepancv but it was noted during this study that a wide

variety of microstructural features can develop as a result of sample

Preparation and hence it is feasible to postulate that such effects could

be responsible for the conflicting results. No coherent long- perlod B

and o structure irmediately below the omega transfonnatlon temperature

wWas detected; however, it is possible that thin f11m constraints may have

Inhibited the formation of suzh a metastable structure by shifting stabil-

ity away from the ordered phase. The CTEM images and diffraction patterns
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observed during this research included moderate inelastic scatterlno

effects and thus it would be interesting to continue studies of this

transformation u51ng high resolution imaging combined with energy filter-

ing. At present the only instruments capable of such experiments are the

high resolutlon dedicated scanning transmission electron micros scopes

(DSTEM) equipped with electron energy loss Spectrometers and the possibil-

ity of such work is being investigated,

Analytical electron microscopy has been shown to be an extremely

powerful tool for the microcharacterization of materials. However, these

techniques are not by any means without complications, and it was neces-

sary to investigate the AEM System used in this work so that instrumental

artifacts which invalidate the information produced in the microscope

environment might be eliminated. Once these factors had been corrected,

it was possible to obtain a wealth of information about the microvolume

of imaterial under investigation..

The instrumental problems, which were associated with x-ray analy-

sis, in the AEM system used during this research included: fluorescence

by uncollimated radiation, contamination formed under the influence of the

electron probe, and the generation of system peaks in the immediate vicin-

ity of the specimen. Of these factors, the single most important correc-

tion necessary to perform quantitative X-ray microanalysis is the reduction

of uncollimated radiation. Without such a correction, true quantitative

microanalysis is virtually impossible. The effects of contamination have

been shown to be detrimental in all aspects of TEM-based analysis,
ing,

Imag-

analytical spatial resolution, mass sensitivity, and quantitative

208
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analysis all suffer in their ultﬁmate performance due: to the accumulation
of foreign material on the sample sur‘face. It has also been: shown that |
the removal of system peai<s, generated in the instrument., is an Inportant
aspect of microchemical analysis which should not be neglected..
Experimental measurements combined with theoretical. calculations
have shown that the optimum conditions for x-ray analysis in an. AEM are
rcalized at the highest attainable incident electron beam energy and: by
using a detector/specimen geometry which maximizes the: detector observa-
tion angle. Furthermore, once all instrumental corrections have: beem
applied to the AEM system, it is possible to obtain accurate quantitative
results in '"thin' specimens using the standardless analysis technique
and the formalism presented in Chapter 2. The caiculation of an absorp-
tion correction for a homogeneous sémi-thick sample Is not difficult,,
but, as most analyses involve multi-element phases of varying thicknesses,,
it becomes simpler to analyze thinner regions of the sample where such a
correction is not required. Quantitative analysis using thin-film
standards is potentially simple, although experimental aspects such as
the accurate duplication or measurement of instrumental operating condi-
tions complicates the development of this method..
Finally, two complementary methods of obtaining 's~tr,uc.‘cur.a1. informa-~
tion about a specimen using electron diffraction. have beemn Investigated

and refined. These methods — namely transmission scanning electron dif-

fraction and the stationary diffraction pattern technique — when combined

_ ¥ith appropriate calculations allows one to obtain information. about the
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qature of the sample not attainable using conventional selected-area-

diffraction techniques.

3

The ability to perform simultaneously energy dispersive x ray as

apttasi
s
§

well as electron energy loss measurements will be one of the most important

N oh e
Y

AR

aspects of AEM to the materials scientist for developmentAin the future.

S
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Using these two compiementary techniques the potential to perform analysis..
of all atomic species of Z > 3 may be realized, and, in special cases,

“through systematic studies of plasmon losses it may be possible to analyze

i R R R iR

for the presence of hydrogenic compounds. Combining these microchemical
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analysis capabilities with the various electron diffraction techniques for
crystallographic analysis makes analytical electron microscopy an essential

part of any materials research program.
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APPENDIX A

Computer Program NEDS

Subroutine SINPUT
Subroutine SKLM

Subroutine SBGRND
Subroutine GSETUP

Subroutine GAUSS
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APPENDIX A

Computer Program NEDS

This appendix contains documentation of the computer program NEDS
which has beén used to anaiyze all energy dispersive x-ray spectra during
this research. The program is currently set up to analyze a 10 keV wide
spectrun recorded at an energy resolution of 20 eV/channel; however, it
can be easily modified should different operating conditions be required.
An example of a partial amalysis of and EDS spectrum is shown in Figs. 99
and 100. Figure 99(a) shows a typical EDS spectrun recorded from a thin
foil in the JEOL JSEM 200, and Fig. 99(b) compares the fitted polynomial
background curve [Eq. 2,52)] with the experimental data. The results
of a partial analysis of this spectrum is shown graphically in Fig. 100(a),
where the ﬁrogram has fitted Gaussian profiles to the Nily, AlK, and
SiKy peaks recorded in the energy range 0.65 to 2.15 keV. Figure 100(b)
compares the profile (sum) of these three peaks to the experimental data.

Figure 101 is a simplified flow diagram for the program'NEDS.
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c

Cc EDS DATA ANALYSIS FROGRAM

c c .

C 7702010000

c .

c ALL QUESTIONS ANN COMMENTS SHOULL EE DIRFOTED TOS

c .

.C NESTOR J. ZALUZEC |

c DEFARTMENT OF MEVALLURGY

c UNIVERSITY OF ILLINOIS

c UREANAS TLLLINOCIS

c

c ALL RIGHTS RESERVED RY AUTHOR

c .

C THIS FROGRAM IS WRITTEN IN FORTRAN IV  FOR USE OGN A XEROX SIGMA S
C OR FDP LSI-11 COMFUTER SYSTEM EQUIFFED WITH A TEKTRONIX 4010~1

C GRAFHICS DISFLAY TERMINAL . THIS VERSION IS IFOR USE QN A LSI-11.
G

nnnnnnnnnﬁnnnonnnnnnnnn

DATA INFUT USES THE FOLLOWING DCE’S
S=GRAFHICS TERMINAL CINFUT)

7=GRAFHICE TERMINAL (QUTFUT)

10=FJILE CONTAINING BREMGSTRAHILUNG SFECTRUM
11=FILE CONTAINING SaAMFLE(S) SFECTRUM
12=FILE USED FOR OUTFUT OF RESULTS

TO RUN ON THE FIF LSI-11 THE FOLLOWING COMMAND WILL INITIATE THE
SYSTEM CGRRECTLY

+“RUN FO1INEDS,SAV

THIS FROGRAM CAN ANALYZE AT MOST 30 FEAKS

NOTE THIS DNES NOT CORRESFOND TO 30 ELEMENTS

ALL INFUT DATA FROM TERMINAL IS IWN KEV

SFECTRUM SET UF TO ANALYZE A 10 KEV REGION

TO CHANGE RESCLUTION OF MCA CHANGE IRES (NOW SET AT 20EVU/CHNY

COMMON P(SOZ)75(502)vBG(SOQ)yENLH(SOE)rSUBID(?b)

COMMON SUBP(76)ySUBE(76)’AEN(30)vAHT(30);AEL(31)vAINT(3Q»
COMMON SUHE(760)15UHP(760)15UMID(760);AHG(3O) -
COMMON ITAFE(72) , INAME(72) s YY s YN, :
IENA(EO)rENB(QO)yELA(EO):ELB(QO)rEHA(QO)rEMB(BO):NUH(QQ)
COMMON /ELEMNT/ CSCL00) rALNILI(S) .

COMMUN /EDSVURE/ IRES:EO;EI:NFN;THICK:SYHBDL;Z:

IEHAXrEHINrMFLAGyDLIrBUiyBLQvBUQrHL3rBU31AQAvBBBvCCCrENABSrELABS»

ZENABS;EABSrHGL:BGU:LEGL;LBGU;SIrSZerSABS;ENvRRrRESLVEthnGn

3EHIN2:EHAX2;EMIN1:EHAX1rNCHHrPNvMMrHyHINrHAX:NHINyNHAXrNPT;NPrAHm

4IPN:IFPN:ATOMyNPTS:LASTrBRCNETrFFrABSFFrCCrELrEUrFBvITHI»ITHE
DATA YY,YN/" Y70 'N7/

R A - .
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DATA IRES/20/

DATA ALNID/'NA’r’NF’;'LA’;'LB';’HA':’HB’/

DATA CS/* H’s'HE’ /LI’ ,'RE*,* B'77 C?v* N*»* D*,7 F*,
1s°NAYy "MG y ALYy "SI’ ,* Fry S’»’CLr"AR’ "
2 U’r’CR’r’HN’;'FE’;’CO’;’NI’;'CU’r’ZN’y ’ y ’
3’BR 1 'KR"+’RR’ s ’SR* ¢ Y’;’ZR’:'Nﬁ“;“HU'r'IU';’RU’:’RH';
4‘AG’r'CD’:’IN’:’SN’:'SB';’TE’;' I7s/XE’s’CS*s"BA’ s LA’ »
S'PR'!'ND"'PM'!’SH';'EU'!'GD':'TB'r'DY'!'HO'!'ER')'TH"'YB‘

14 L 14 14 b4 14 14 14 14 1 4 ’
’ y L4 b4 L4 4 ’ 14 14 14 14
14 t4 14

INEI
K‘»'CA’»"SC”»’TI",
“GA‘y GE’y ' AS”

CELUy THE g CTAY s WY IRE 7087 TRy ET " ‘AU HG » ' TLY
7IBII IE.DI IATI IRNI IFRI Ir‘-‘ql /AC/ ITHI IFn‘ql ’ Ul INi:-I
B AM Y ‘CM’ s "BK’ s *CF’ y'ES" ¢ "FM*/

999 CALL SINFUT
IF(FLAG.EQ.9999.) GO TO 9999
CAlL. SKLM ) i '
IF(FLAG.EQ.9998.) GO TO 999
CALL SEGKND
EMIN1=0,
EMAX1=0.
NCHN=23
FN=1,

S0 CALL GSETUF

. " IF(FLAG.ERQ.9997.) GO TO 99
CALL GAUSS

‘PU’

c

C RETURN TO SEARCH TO FIND NEXT FEAK

AND REFEAT ABOVE UNTIL
C ALL ILENTIFEID KLM FEAKS
c

HAVE REEN ANALYSED ’

GO TO Yo
c
C OUTFUT RESULTS OF BEST FIT FARBHETERS
C .

99 WRITE(Z7,74)

WRITE(12,74) ) .
74 FORMAT(* FK NO.——ENERGY—~—STND.DEU.———HEIGHT—"COUNTS—-—BGND’:

C’ —-—PEAK/BGND’) ’

L0 75 I=1,IFFN

FE=AINT(I)/ABG(Y)

WRITE(7,76) IvAEN(I)yAEL(I)yAHT(I)rAINT(I)vABG(I)rPB

URITE(IZ;?é)IrAEN(I);AEL(I)rAHT(I)yAINT(I)rABG(I)rPB

76 FORHAT(ZX:IZ;3X;1F6.3rSX71F6.2:3X:3(1F7.112X)11F6.2)
S CONTINUE ’

WRITE(7977) THICKyITHL,ITH2
WRITEC12y77)THICKy ITH1, ITH2
77 FORMAT(’ SAMFLE THICKNESS FROFORTIONAL TO ’,1F10.2,

€7+ (CONTINUUM COUNTS IN CHANNELS “1I47r’="114r7)"r5¢/))
c , o

9999 STOP
END
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SUBROUTINE SINFUT
COHMON P(502)yE(502)yBG(SOQ):ENLH(SOQ);SUFID(?é)
COMMON SUBP(76)rSUDE(?é)vAEN(30)rAHT(BO)yAEL(Bi)yAINT(BO)
COMMON SUME(760)ySUNP(?éO)ySUMID(?éO):ABG(SO)
CoMMON ITAPE(?Q)rINAHE(?Z)rYYyYNr
;ENA(QO)yENB(ZO);ELA(BO);ELH(QO).EHQCBU):EHE(
- COMMNN SCO3URER, IRES:EO:EI:NPN;THICN;SYM
lEﬁAXrEHIN:HFLAG:BLl;BUlr1L2vBU2»BL3rBU3;AAA:BHB:CCC;ENABSrELAHSp
EEHABSrEABSrBGLrBGU:LEGLrLEGU:SIsSZ:R:SABSyENyRRyRESLUEvFLAG;
’ 3EHIN2:EHAX2;EHIN1;’ . NrPNyHMerHIN;HAXrNMINrNHAXvNFT:NPran,
4IPNrIFPNvATOMrNPTSrLASTyBRCNETrFF:ASSFF;CC:EL:EUrPB:ITHI;ITHZ
CALL ERase
URITE(?;?OO)
200 FORHAT(ZSX:29('*')y/r
125X, *% gng LaTa ANALYSIS FROGRAM X9/,
125X, ¥ 7709010000—NJZ
)

X2 /125X:29C %0y, 40y
WRITE(7,904
FORMAT (18X, gnT

ER NoME OF FILE WHICH CONTAINS EREMS, SFECTRUM ~ by
CALL ASSIGN(10, - DUHMY - r=6s0LD, ‘NC- »1) .
URITE(71902)
902 FORHAT(iBXr' ENTER NaMp

OF FILE WHICH CONTAINS SAMFLE SFPECTRUM - )
CaLe ASSTIGH(11, Lummy - =6 ’0OLD, fNC e r1)
WRITE(7;903)

203 FOrRMAT (18X, - ENTER

20 ,NUM(20)
ROL,»2Z,

NAME oF FILe TO EE usep FOR guTryT SUMMARY* )
CaLL ASSIGN( 12, LUMMY - r=&y *NEW’, "NC - r1) )
AEL(31)=1000. .

C INFUT BREHSTRALLUN
C ITarE =TAFE IDENTT
C INAHME= TAFE 1Ir
c

G EXCITED SFECTRUM

FICATION NUMEER

ENTIFICATION

$9? READ (10,1,END=
READ(IOrlyEN

1 FDRHAT(?ZAI

DITAFE
D=2)INaME
)
c

c EO=ACCELERATING VOLTAGE 1IN KEV
c EI=STarRTING FOINT oF SFECTRUM IN KEV

(USUSALLY SET AT ZERQ)
C NOTE THAT THIg FROGRAH ANALYZES pa REGION 10 Kty WILE
C FROM ET TO EI+10.0 KEV

c

READ(IO:B;END=2)
FORHAT(2F7.3)

ng 2 I=1,%50
K=Ix10-9

RK=K+9
READ(IO-4:END=2;ERR=2)(BG(N):N=N:NK)
FORHAT(IO(lFé.O:lX))

CONTINUE

c REWIND 10

EQsEX
3

[ SIS

C INFUT SAMPLE SFECTRUM
C
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- . . -

. o

. & PR SR e T

S e ;?‘;;rz‘ifrf;«'difég Rl TR I ICINS
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READN11s 1y END=9999,ERR=5) ITAFE
REALNC 11, 1/ENDI=9999, ERR=5) INAME
READ(11+3,ENI=9999,ERR=5) EQrET
EQ=E0%1000:+.
DO 5 T=1.50
K=T%10-9
KK=K+9
REALN( 1154 ENDI=57 ERR=S) (P (N) s N=K »KK)

C INLITIALIZE ENERGY MATRIX

0 5 N=Ks»KK:
E(N)=(N-1)XIRES¥%.,00t + EL
EKLM(N)=1.,.

IF (F(N).LE.0.S) FIN)=1.
CONTINUE

E(S00)=10.0 +ET

F(1)=1.0

. € SCAN THROUGH SFECTRUM CHECK FOR OEBVIQUS ERRORS
c:

D
c
c
c

c

10
11

301

302

261

13

DO 6 N=2,498 ) .
IFCCFOND W GELCSXSART (R (N+1) ) +F (N+1)) ) « AND W (F(N) +GE o
LESXSART(F (N=1))+F(N=1))) +ANL. (F(N) .GE.10.)) GQ TQ 7
GO TO. & ‘
PN =CRONFL P (N=1))./2,
CONTINUE
WRITE(7 1Y TTAPE
WRITE(7y1)INAME
WRITE(12,1) ITAFE
WRITE(1251) INAME ;
FORMAT(31(/)) .
. WRITE(7»L1)
FORMAT(//5 %2 % DO YOU WANT TO FROCESS THIS TAPE? YES—NG’»2X)
READ(S»302) X :
FORMAT(1FL2.&)
FORMAT(1A1)
FORMAT (6 (1F10WSs X))
WRITE(12,3) X
IF (X.EQ.YN) GO TQ 2
WRITE(7 »13)

FORMAT(S(/) »$+* SURTRACT HREMSSTRAHLUNG FLUORESCENCE? YES~NGQ’»2X)

SURTRACT BREMSSTRAHLUNG SPECTRUM

READ (5,302)y X

IF(X.EQ.YN) GO TO 14 .

CALL MSUR(F »EBG»F 5205 1»Q»0)

CALL NEGTVE(#»S500,0.) ’

g SCALE SFECTRUM AND CHECK FOR REGIONS LESS THAN .S KEV
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n

B0 12 I=2,25

F(I)=F(25)

CONTINUE

CALL. ERASE
CALL CRTFLT(150.,265. ()0 e, B s0ny
CALL FLOT (0.,747on01 " 90070r0rLes 1 sk, R 5005
KETURN

9999 FLAG=999¢,

c

RETURN;
END

SUBROUTINE SKLM . .
COMMON P(SOQ):E(SOZ)vEG(SOZ)rENLH(SOQ):SUEID(?é)
COMMON SUBP(?é)rSUBE(?b)yAEN(BO)rﬁHT(30)yAEL(31)rAINT(30)
COMMON SUHE(?éO)ySUMP(?éO)rSUHID(?éO)yABG(30) :
COMMON ITAPE(?Z):INQHE(?Z)rYY;YN»
1ENA(20);ENB(20)7ELQ(QO)rELB(QO)vEMA(BO)yEHD(QO)vNUM(EO)
COMMON /ELEMNT/ C5(100),ALNID(&)

COMMON /EDSURB/IRES:EO;EI:NPNrTHICH;GYﬁBOL;Zr

IEHAXyEHINyHFLﬁGyBLlyDUIrBLE:HUErHLBrEUSrAAA;RBHyCCCrENABSrELﬁBSr

QEHABSsEABS!BGL;HGUrLBGLrLBGUrSlr52rRrSABSvENrRRrRESLUE:FLAGr )
3ENIN2;EHQX2:EMIN1rEMAXlrNCHNyFN:MMerHIN:HAX:NHIN;NMGX;NPTyNPrAH,
GIPNrIFPNyATOHyNPTSrLASTyBRCKET:FF;ABSFF;CC:ELrEUrFB;ITHl»ITHZ

C READ IN ELEMNT BND CALCULATE R-L-it XRAY LINES
c . .

C caLcuLaTE THICKNESS OF SPECIMEN I.E. RACKGROUND

100

101

114
24

NPRK=1 .
COUNTS IN CONTINUUM.
THICK=0..
WRITE(7+100)
FORMAT(26(/) s %+ * ENTER ENERGY LIMITS FOR CONTINUUM
1, MEASUREMENTS (IN KEV) EL,EU= ) ’
REAL(S,101) E1,E2
FORMAT(2F10.0)
ITHI=E1%1000./IRES
ITH2=E2%1000./IRES
RO 114 I=ITH1,ITH2
THICK=TRICK+~(I}
CONTINUE
CONTINUE .
CALL FLOT(Q.»767.,0)
WRITE(7,15
FORMAT (27¢/) 5%, ENTER ELEMENT + )
READ(S,16) SYMBROL
FORMAT (ALY
FORMAT (A2)
Z=ATOMNR(SYMEQL)

229
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IF (Z.EQ.1000) G TQ 9999
IF(Z.LE.0.5) GO TO 24
ENA(NPN)=ENERGY(Z:1)
ENB(NFN)=ENERGY(Z;4)
ELA(NPK)=ENERGY(Z;2)
ELB(NPN)=ENERGY(Z;S)
EMBINFN)=ENERGY(Z,3)
EME(NFK)=ENERGY(Zs6)
C .
C IF (ALFHA-EETA) LESS THAN DETECTOR REGSOLUTION DELETE BETA
C AND' SHIFT ALFHA UFWARDS TO COMFENSATE
C

IF((ENB(NPN)—ENA(NPK)).LE.O.I)EKA(NPN)=(ENA(NPK)+EKB(NPN))/2.
IF((ELE(NPH)-ELA(NPK)).LE.O.1)ELA(NPN)=(ELA(NPK)+ELB(NPN))/2.
IF((EMB(NFN)—EHA(NPN)).LE.O.1)EHA(NPN)=(EHA(NPN)+EMB(NFN))/2.
IF((ENE(NPN)—ENA(NFN)).LE.O.l) ERE(NFK)=0.001
IF((ELB(NPN)—ELA(NPN)).LE.O.I) ELE(NFK)=0,001
IF((EHB(NFN)—EMA(NPN)).LE.O.l) EHB(NPK)=0.0QI

NUM(NFK)=Z

c
C FLOT OF THESE LINES ON KNOWN SFECTRUM
L SCALE BETA INTENSITY TO FRACTION GF ALFHA INTENSITY

c
EMAX=E(499)
EMIN=E(10)
IF(EKA(NPN).LE.ENAX)ENLH(ICHN(EKA(NPK);IRES))=ABS(P(ICHN(
CENAINFK)Y y IRES)Y))
IF(ENB(NPN).LE.EHAX)ENLH(ICHN(EKH(NPN);IRES))=ARS(P(ICHN(
CERA(NITKY y IRES) J ) %0.1'5
IF(ELA(NPN).LE.EHAX)ENLH(ICHN(ELA(NPN)rIRES))=ABS(P(ICHN(
CELA(NEKY, IRES)Y))
IF(ELB(NPN).LE.EHAX)ENLM(ICHN(ELB(NFK)7IRES))=ABS(P(ICHN(
CELACNFR)Y » TRES) ) ) %0, 5
IF(EMA(NPN).LE.EMAX)EKLH(ICHN(EHA(NPK)yIRES))=ABS(P(ICHN(
CEHMA(NFK) y IRES)))
IF(EHB(NPK).LE.ENAX)EKLH(ICHN(EMB(NPN)rIRES))=ABS(P(ICHN(
CEHA(NFK) yIRES) ) )%0.5 .
D CALL CRTPLT(lSO.’265'yEyENLHrSOOyl:l;l.;1.,E7Py500)
D CALL FLOT (0.9767.50)
D WRITE(7,19)

19 FORMAT(28(/)y3%5* IS THIS CORRECT? YES-NO‘,2X)
READ (5,3) X

IF(X.EQ.YY) GO TO 20
IF(ENA(NPN).LE.ENAX)EKLM(ICHN(ENA(NPK)yIRES))
IF(EKB(NPN).LE.EHAX)ENLM(ICHN(ENB(NPN)rIRES))
IF(ELA(NFN).LE.EMAX)ENLH(ICHN(ELA(NPK)vIRES))
)
)
)

IF(ELB(NPN)‘LE.EHQX)EKLM(ICHN(ELH(NPN)yIRES)
IF(EMA(NPN),LE.EMAX)ENLH(ICHN(EHA(NFN)yIRES)

IF(EHB(NPN),LE.EMAX)ENLM(ICHN(EHB(NPK);IRES)
g CALL ERASE

CaLL CRTPLT(lSO.yEéS.yEvP;ZOOvOrOrl.rl.yEerSOO) ‘
CALL CRTPLT(ISO.;QéS.rErEKLHrSOOrl;lyl.yl.yE;PvSOO)



i

gy
.
,
s

3

231

i

3

b

g

j ,

3

: g B CALL FLOT (0+9767.10)

i % GC TO 24 '

§ 3 20 CONTINUE -

b 5 D CALL FLOT (0.1767.r0)"

4 X D URITE(7,22) )
3 T 22 FORMAT(29(/) sy’ ~ ADDITIONAL ELEMENT? YES-NO’s2X)
M s READ(S,3) X :
1 i IF(X.EQ.YH) GO TG 23

; 3 NFR=NFK+1

1 % BU TO 24

i 2 23 CONTINUE

3 x D CALL FLOT (0.97674:0)

! 3 RETURN

g % 9999  FLAG=99¢8.

i % RETURN

! END

5 N

;

H

i

|

SUBROUTINE SEGRND

COMMON F(S02)+E(502)yEG(S502) yEKLM(E02) » SURID(76)

COMMON SURF (76) ySURE(74) yAEN(30) » AHT (30 »AEL(31) yAINT(30)

COMMON SUME (760) ySUMF(760) s SUMIN(760) y ARG(30)

COMMON ITAFE(72) s INAMEC(72) 2 YY s YNy .

1ERKAC(R0) yEXKE(20) »yELA(R20) yELE(20) yEHA(20) y EMNR(20) yNUM(20)

COMHMON ZEILLEMNT/Z CS(100)yAILLHNIDCS) :

COMMON /FDGUHB/IRES:LOvEIrNFhrTHTCK:SYHIOLer

1EMAX s EMINY MFLAG,y GL1,BUL s BL2yRU2yBL3 s BU3 s AAA» RERy CCC/EKARS» ELAES
2EMARSEARS y RGLs RGUr LRGL s LEGU 51+ S2:R7SARSyENyRRRESLVE,FLAGY . .
FEHMIND s EMAX2 yEMINT s EMAXL s HCHN PNy MM My HIN, MAX s NHINs NMAX  NFT s NF s AMy
AIFN» IFFNs ATOMsNFTSs LAST s BRCKET s FF» ARSFFyCCrELyEU,FE, ITHLI» ITH2

C CALCULATE RACKGROUND EY FOLYNOMINAL FIT AND DETECTOR EFF.

s N P AR RS R RO D B A

I .
& 44 CONTINUE
R MFLAG=0
¢ D WRITE (7,441) ‘ '
& 441 FORHAT(QO(/);%; REFLOT FOR EGRNL FIT? YES—-NO’»2X)
' ¥ REAU(S+3)

269 IF(X.EQ.YN) GO TO 125
CALL ERASE
CALL CRTFLT(150.,265.+E+Fs500+0:0r1.51.+E+F+500)

=)

HFLAG=1
it 125 CALL FLOT (0.+767.70)
£ I WRITE(7,25)
B 25  FORMAT(Z1(/):’ SET 2 EGRND REGIDNS”)
& CALL CRSSHE(X,Y)
@ CALL TRANXY(XsYrBL1rY)
4 CALL. CRSSHR(XsY)
2
3
:4

T ST AT
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R i3
. i CALL TRANXY(X»YsEU1,Y)
; . CALL CRSSHR(X,Y)
CALL TRANXY(X,»YsEL2,Y)
1 CALL CRSSHR(X,Y) -
! CALL TRAMXY (XY ,IU2,Y)
3 CALL CRSSHR(XsY)
; CALL TRANXY(XsY,EL3,Y)
b : CALL CRSSHR(X+Y)
g LALL TRANXY(X,Y,EU3,Y)
i BL1=RL1%1000.,
9 RU1=RU1%1000,
i EL2=RL2%1000,
ko RU2=ERU2%1000.
% EL3=EL3%1000,
- RU3=EU3%1000.
7 CALL BGRND (EQy IRES»EILL1, U1 s EL2, BU2, FL3 5 U3, AAA  BEE  CCC)
| B CALL CRTFLT(150.5265.yErBGy500r1r1r1er1erErFrS00)
1 L HFLAG=0 , |
i £ o CALL FLOT (0.1767.50) |
5 k: D WRITE(7,28) .
i ? 28 FORMAT(32(/)r%s’ CHANGE BACKGROUND? YES—NO’,2X)
e REALI(S,3) X
: IF (X.EQ.YY) GO TO 44 }
¢ c .
£ C ROUTINE TO ADD AEBSKOFTION ELGES TO EGNDN SFECTRUM ' ’ |
L L BY CONVOLUTION OF EDGE WITH & GAUSSIAN RESFONSE FUNCTION OF DETECTOR
i c :
g CALL FLOT(O.»7&7.,0)
5 o} WRITE(7,32) ' .
& 32 FORMAT(33(/)s%,’ ADD ARSNRFTION ELGES? YES-NO’»2X)
i READICS,3) X
) IF(X.EQ.YN) GO TO 38
v 33 CONTINUE
¥ CALL FLOT(0.,767.,0)
o D URITE(7,21)
i 21 FORMAT(27(/) »$: 35Xy ENTER ELEMENT * »2X)
g READ(S,16)  SYMEQL
2 16 FORMAT (A2)
& 3 FORMAT (A1)
i Z=ATOMNR (SYMEOL ) :
& ERKABS=12.377688/EUGE(Z,1) - .
k4 ~ ELAES=12.37788/ELGE(Zs4) :
£ EMABS=12.37788/ELGE(Z,9)
é CALL FLOT(0.+767.,0)
: D URITE(7+35) EKAES»ELAKS , EMARS
35 FORMAT(28(/),35X, ‘K EDGE="+1FS.2,/,35Xs ‘1. ENGE=’51FS,2,/,35X,
Cr'M EDGE=",1F5.2,/,%,35Xs ' SELECT ELGE INONE=0,K=1,0.=2,M=3 /)
) REAII(S,300) X
: 300  FORMAT(1F2.0)
iz IF (X.EQ.0.,) GO TO 33 B
N IF (X.EQ.1.) EARS=EKAKS%1000. . .
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IF(X.EQ.2) EABS=ELARSH1000,
IF (X.EQ.3) EAKS=EMAKSX1000.
CALL FLOT(0.2747.50)
WRITE(7+36)
FORMAT(32(/)+35%, “SET A EGNI REGION FAST THTS ELGE*

CAl'l, CRSSHR(X:sY)

CALL TRANXY(X»YsEGL»Y)

CALL CRSSHR(XsY)

CALL TRANXY(XsYsEGUsY)

LEGL=EGLX*1000./IKRES

LBGU=RGUX1000./IRES

c
C CALCULATE DISCREFANCY RATION TRUE/FIT
c

37

34

SO00n0n

38
C

S51=0,

§2=0.

0 37 I=LEGL,LEGU

S1=S1+KG(I)

S2=824F (1)

CONTINUE

R=S2/51 .

WRITE(7+34) R

FORMAT(’ ERROR RATIO=’ ,1F5.3)

CALLCULATE CONVOLUTION AND HULTIFLY EGND SFECTRUM BY R(E)

SABS=SIGHA(EABS,Q.)
00 39 I=2:.500
EN=(I-1,)%IRES
IF(EN.LE.(EAES-S,.%SARS) ) Ri=1.
IF((EN.GE’(EﬁBS—S.*SABS)).AND.(EN.LE.(EGBS+5.*SABS)))
1IRR=CONV(EAKSySARS, IRESrENsR)
IF(EN.GE‘(EAHS+5.*SABS+0.0001)) RR=R
EG(I)=EG(I)XRR
CONTINUE
CALL ERASE
CALL CRTFLT(ISO.7265.1E1Py500007091o71ovErPrSOOf
CALL CRTPLT(ISO‘1265.;E155:500117171.11.rE!FrSOO)
CALL FLOT (0.9747.+0)
WRITE(7,32)
READ(S,3) X
IF (X.EQ.YY) GO TO 33
CONTINUE

C SURTRACT FITTED EACKGROUND CURVE FROM EXFERIMENTAL DATA
c

461

CALL MSUER(F,EGsF+S00,1+0,0)
CALL NEGTVE (FsS5005-0.0)

L0 61 1=2,20

F{I)=1,

CONTINUE

RETURN

END

233
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SUBROUTINE GSETUF
COMMON F(SOQ)vE(SOQ)vBG(SOE)yENLH(SOZ)rSUBID(?é)

. COHMON SUBP(76):SUBE(76)yAEN(BO)rAHT(30)vAEL(31)yAINT(30)
. COMHON SUHE(?&O)nSUHP(?éO);SUHIU(?éO)vABG(BO)
COMMON ITAPE(?Q)rINAHE(?Q){YY:YNr
IEKA(ZO)rENR(QO)rELA(EO)rELD(ZO)rEHA(ZO)yEHB(?O)rNUH(EO)
B COMMON  ZELEMNT CECLIVUI »ALNTNI(S)
£, COMMON /EDSURB/IRES;EO;EI;NFN;THICN:SYHBOL:Z;

IEHAXrEMINrHFLAGrBLlyBUIyELZrBUB’BL3:BU3rAAA:BEBrCCC:EKABSrELARSy

EEHAHSrEABS;BGL:BGU;LBGL;LEGU:SI:SQ;R:SABS:ENvRRrRESLUErFLAGr

. JEMINZ yEMAXD +EMINI,EMAXL s NCHN Y FNs MMy My MIN, HAX y NMIN, NMAX s NF'Ty N, AM»

& 4IPN;IFPNrﬁTDMyNPTSrLASTrBRCKETIFF!AESFF!CC:EL:EU;FB:ITHIIITHE

% c

’ C SEARCH SFECTRUM FOR
C ENERGY IN EKLM ARRAY

C SET UF A REFERENCE LEVEL FOR EGND

IDENTIFIED FEAKS 'WHICH ARE SORTED oy

(9]

" IF(HMFLAG.EQ.~-1) GO T0 88
4 IF(FLAG.ER.9999) GO TO 15
WRITE(Z7,53)

33 FORMAT(29¢(/),* SET EGND REGION TO SET LET. LIMIT: EL,BU’ ,

c

c

c C’ NOT MORE THAN 1 KEV WIDE” )
[ CALL CRSSHR(X,Y)

C CALL TRANXY (X Yy RGL,Y)
c
c
3
2

CALL CRSSHR(X,»Y)
CALL TRANXY (X, Yy EGU,Y)
FORMAT (A1)

26 FORMAT(2F7.3)
LBGL=ICHN(BL3/IOOO-pIRES)
LEUU=ICHN(BU3/1000.rIRES)
RESLVE=-~1,

IO S4 I=I_EGL,LEGU
RESLUE=AMAX1(RESLUEyP(I))

54 CONTINUE

RESLVE=RESILVE + 3 XSART(RESLVE)

e e
L

SHRTA,

D CALL ERASE
D WRITE(7,541)
S41 FORMAT(~

THE FOLLOWING FEAKS HAVE BEEN IDENTIFIED’ )
FLAG=1.0

EMIN2=E(10)
EMAX2=E(499)

GO 70 144
153 FLAG=0,0

% c .
& C FIND THE LOUEST ENERGY FEAK BY CYCLING ERKLM(N)
: [
SO L0 51 N=NCHN,500
g IF (N.GT.498) GO TO 99
i IF (NCHN.GE.SOO) GO TO 99
iﬁ IF(ENLM(N).GT.I.S) 0 TO 59
% 60 Tn s1
)
g
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59  MM=N

GO 70 &0
S1 CONTINUE
60 NCHN=N+1

€ DEFINE WIDTH OF DISFLAY WINDOW --SET LIMITS.HASED ON FEAK
C WIODTH OR RE

c

w
w

87

c

c
88

I

c

SLVE LIMIT WHICH EVER IS LARGEST

EN=E(N)*%1000.
EMIN=EN~4%SIGMA(EN,OQ.)
EMAX=EN+4%SIGMA(ENs0.)

M=MM

MIN=M-1

IFCF(MIN) JLE.RESLVE) GO TO %6
M=M—-1 .

GO TO S5

M=MM

MAX=M+1

IF(F(MAX) .LE.RESLVE) GO TO S8
M=M+1

GO TO S7
EMIN=AMINI(EMINsE(MIN)I%1000.)
EMAX=AMAX1 (EMAX»IZ (MAX) %1000, )
IF(EMIN.LE. (EN-700.)) EMIN=[EN-700.

UP STARTING FOINTS FOR FLOT

EMIN2=(INT(EMIN/100.)~1,)/10.,
EMAX2=(INT(EMAX/100.)+1.,)/10,

IF (EMIN2.LE.EMAX1) EMINZ=EMAX1
EMAX2=EMIN2 +70.%IRES/1000,
NMIN=ICHN (EMIN2,IRES)
NMAX=ICHN(EMAX2, IRES)
NFT=NMAX~NMIN

IF(NFT.GE.76) GO TO 87
GO TO 88 .

CONTINUE

EMAX2=EMIN2+70.%IRES/1000.
GO T0 89

C COFY SUBSETS OF F ANI E ARRAYS FOR FLOTTING

CALL XCPY(FsSUERF»NMIN,1»NFT»1+,500,1,0)

CaLL XCFY(EISUBEYNMIN:I!N!Tri:qOO!lvO)
SUEF (1)=SCALEN(NMINyNMAX)

SUEF (NFT)=0.
CALL ERASE

CALL CRTFLT (150.:265.rSUBEvSUBPrNPTy—SyOrl;rl.rSUBErSUHPrNPT)

C COFY IDENTIFICATION K-L-M MARKERS WITHIN WINDGW AND FLOT
c - .

235
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; ¥
3 ¥
&
. § CALL XCFY(EKLM»SUBILsNMINs1sNFT+15500,1,0)
¥ 2 o CALL CRIFLT(150.+265, »SUBEs SURININFT 151114 51+ »SUKE » SUEF » NFT)
k n CALL FLOT (0.r767.,0)
; 2 IF (MFLAG.EQ.~1) GO TO 157
B g c :
4 - & C ORDER FEANS WITHIN UWINDOW BY FEAK HEIGHT FOR EVENTUAL
i % C GAUSSTIAN FITTING MOST INTENSE FEAK FIRST
: C NF=NUMEER OF FEAKS IN THE WINDOW :
} A C FN=FEAK NUMEER OF THE FIRST FEAK IN THE WINDOY
3 NF=0,
¢ 161  AM=2,0
i b IN=0 A
[0 162 J=1,NFT
g AM=AMAXL (AM» SURID(J) )
5 IF(SURID(J) . GE.AN) JN=J
: % 162 CONTINUE .
i i IF(IN.LE.0.S) GO TO 143
’ ¥ IFN=EN+NF
¥ AENCIFN) =SURECIND A
S AHTCIPN)=SURIDCJN) )
b SURIDC(.INY=1,0 '
3 NF=NI#+1
3 GO TO 161
B 163  IFN=FN
3 IFFN=IFN+NF~1 p
|3 157 WRITE(7s&3) NP EMIN2 s EMEXY
P 63 FORMAT(27(/)»%yI2,’ FEAK(S) HAVE KEEN IDENTIFIED BETWEEN’ o
£ CIFS.2,7 TO ’ :1F5.2, * KEV’ )
% € WRITE OUT WHICH FEAKS HAVE BEEN FREVIOUSLY IDENTIFIED
: 5. c
.
{ 3 64+ FORMAT (X»2(A2r2X) 12Xs1F7.45° KEV’ )
] b 184 [0 &5 i=1,NFK v
! 3 ATOM=CS(NUM(I))
; & b} IFCCERACI) (GE.EMINZ) LANDI, (EKACI) .LE.EMAX2) .
H 3 b CAND, CERLMCICHN(EKA(T) » IRES) ) GE.2,))
: % D CURITE(7,44) ATOMPALNID(1) ,EKACT)
, 5 D IF CCEKE(I).GE.EMIN2) .AND. (EKE(I) .LE. EMAX2) .
’ %» D . CAND, (EKLMCICHNCEKE(I) » IRES) ) .GE. 2. )
. S D CURITE(7,44) ATOMs ALNILC2) JEKECT)
3 D IFCCELACT) JGE EMIN2) .ANDI. (ELACT) LLE.EMAX2) .
§ b CAND. (EKLM(ICHN(ELACI) » IRES) ) GE.2.))
i D CWRITE(7+44) ATOMs ALNTIN3) yELACT)
g D IFCCELECI) .GE.EMIN2) JANDI. (ELECI) .LE,EMAX2) .
2 i CAND. (EKLMCICHNCELE(I), IRES)) GE.2.))
g ) CURITE(7764)  ATOMsALNID(4) yELH(I)
4 D IFCCEMACT) JGE.EMIN2) JANDt, (EMACT) JLE.EMAXD) . : g
g g CANII CEKLMCICHN(EMACI) s IRES) ) .GE. 2. ))
5 D CURITE(7,64) ATOMyALNII(S) yEMACL)

N AR A oy el
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B 43 -
, N ’
; & D IF((EHB(I).GE.&HINZ).AND.<EMB(I).LE.EHAX2).
, L o CAND.(ENLH(ICHN(EHB(I)yIRES)).GE.Q.))
] ‘ D CURITE(7,44) ATOM, ALNIDI(S) yCME(T)
1 85 CONTINUE
i : n WRITE(7,451) . '
i 651 FORMAT($.X,’pn you WANT O ELTMINATE A FEAK? YES-NG-,2x)
s READ(S,3)
1 iz IF (X.EQ.YN) 6o TO 107
‘ & D WRITE(7,452) .
: i 652 FORMAT ($,X, ‘ENTER THE FEAK ENERGY IN -KEV--,2x)
] Y IF(X.EQ.YY) Zz=1,
3 REALICS,300) %
t " 300 FORMAT(1F7.5)
i EKLMCICHN(X» IRES) )=1.0
» GO TO 45
107 "CONTINUE
i IF (MFLAG.EQ.-1) 6o To 159
! i IF(FLAG.GE.0.5) 6o Tg 153.
i “ 159 WRITE(7,453) .
) ; : 633 FORMAT($,X, ‘L0 YOU WANT TQ CraNGE WINDOW WIDTH? YES-NO‘,2x)
g READC(S,3)  x .
% , IF(X.EQ. YN} GO TO 104
@ n WRITE(7,654)
g . 634 FORMAT(X, SET NEW LIMITS EMIN,EMAX® )
H CALL CRSSHI(X,Y) .
5 CALL TRANXY (X5 Y, EMIN2,Y)
£ CALL CRSSHR(X,Y)
£ CALL TRANXY(XsY,EMAX2,Y)
5 GO TO g9

A
!

106 CONTINUE

IF(MFLAG.EQ.~1) GO TO 158
IF(Z.EQ.1) GO To 88
FN=1TFFN+1
NCHN=ICHN(EHAX2:IRES) +1
158 IF (MFLAG.EQ.~1) MFLAG=0
EMIN1I=EMINZ
EMAX1=EMAX2
RETURN
9?9 FLAG=9997,
RETURN
END
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SUEBRQUTINE GAUSS
COHMMON F(502)sE(502) sEG(302) »ERLM(S02) »SURID(76)
COMMON SURF(/G):SURE(?&)yAfN(3O)vAH1(3O)1ACI(Ji)pAINT(aO)
COMMON SUME(7640) sSUMF(746Q) s SUMINI(760) yARG(30)
COMMON ITAFE(72)yINAME(72) ,YY YNy
1ERAC20) P EKE(20) yELACR0) yELLE(20) yEMAC20) » EHL(”O);NUM(“O)
COMMON /ELEMNT/ CS(100) ,ALNIDCA)
-COMMON /EDSYRE/TRESyCO, LIrNFRvTHICK;SrHBOL'Lr .
1EMAX Sy EMIMsHFLAGY RL1yBULyRL2, BU2+ B3, BU3, AAA s RRE,CCCy EKAKS s ELAKS »
- 2EMABSyEAERSyBGLyBGU s LEGL s LEGUs S 1+ S2+R 9y SARSrENyRR > RESLVE,FLAGy
3EHIN27LHAX2:CHIN1:CHAX1vNLHNyFNyHF:HyHINrPAXrNMINvNHAX;NFTyNPrAHr
AIFNy IFPNsATOMsNFTS, LAST s RRCKET s FF s ARSFFyCCrEL»EUrFH

kS
by
e
iy
*

SR

REGIN GAUSSTIAN FITTING : NOTE THAT THERE ARE 6 ITERATIONS FOR THE FIT
IFN=FEAN NUMRER OF THE FIRST FEAK IN THE WINDOW

NF=NUMEER OF FEAKS IN THE WINDOW

NFT= NUMEER OF DATA FOINTS IN THE WINDOW

- s

166 CALL MLTFITCIFNsNFyNFT)

FLOT FITTEDR CURVES

OO0 O0GoOoOnG

NFTS=NFPTX10
. LAST=NFTS+1

D0 86 I=1,LAST

SUMECI)=EMIN2+(I-1)X(EMAX2-EMIN2)/NFTS

SUMID(I>=0.

66 CONTINUE

0o 68 I“IFN;IFPN

[0 69 J=1,LAS

HRCRET= (SUME(J) ~AEN{I) ) %1000. /SIGMA(ALN(T)XIOOO!ACL(31))

SUMF (J)=AHT (I ) XEXF (-RRCRKETX%2 o)

SUMINCJ)=SUMIL(J)+SUNF (J)

FF=SUME(J)%1000,

CALL MASSAER(FF,ARSFF)

CC=(EO-FF)/FF

EG(J)=(AAAXCCX%X2, +BERXCCH+CCC ) XEXF (ARSFF)
69 CONTINUE

IF (I.GEL.CIFN+1)) GO TO 149

CALL CRTFL:(luOoigéqo7SURE1%UBPerTy—41011orlorSUBrrSUBF!NPT)
189 CALL CPTrLT(IJO.yﬁéu-19UML;SUHFrNFTbrlrlyl.rlc-SUBquUBFerT)

EL=(AEN(I)»%1000- (2.3 SIGMA(AEN(IIX1000,AEL(31)))/2.)%,001 -
EU= (AEN(I)*IOOO+(2. *CIGHA(AEN(I)*1000:AEL(31)))/2.)*.001
AINT(I)=0.

ABG(I)=0,

C IN ORDER TO GET AN INTEGRAL RATHER THAN SUM MULTIFLY
C SUMF(J) ANDl RG(J) EBY THE FACTOR AH= (EMAX2-EMIN2)%1000/NFPTS
C IN LINES 579-580
D0 70 J=1,LAST
IF((SUME(J)Y .LE.EL).OR. (SUME(J) .GE.EUY) EG(J)=0.
IFC(SUME(J) .LE.EL) .OR. (SUME(J) .GE.EUY) SUMF(J)=0.
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70

48"

67

800

799

804
80%
BC3
8¢9

806

850
801

D
c
c
c

AZEN

IFCINT((J=-1)/10.) EQe((J=1>710.)) AINT(ID=AINTC(IY{+SUMF(J)
IFCINT((J=1)/710.) EQ. ((J=1)/10.)) AERG(I)=ARGCII+RG(J)
CONTINUE ' :

CALL CRTFLT(150.:2465.»SUME rSUMF ¢ NFTSs1s1s14 01, 9SUKESUEFSNET)
CONTINUE :
CALL FLOT(0.5180.,0)
FAUSC ‘HIT RETURN TO CUNILNUE’

IF(NF.LE.1) GO TO 67

CALL ERASE

CALL CRTFLT(150.s255. 1 SUREsSURF>NFTr~550r14s1.,SURE,SUERP,NFT)

CALL CRTFLT(1S0.+2654 sy SUME»SUMILNFTSy1y1s1471.»8SURE,SUBFNPT) .

CALL FLOT (0.r180.,0)
FAUSE “HIT RETURN TO CONTINUE’
CONTINUE
CALL FLOT(0.s155.,0)
WRITE(7,800)
FORMATC($,X, " IS, THE FIT SATISFACTORY? Y-N /)
REALN(S,799) X
FORMAT(1A1)
IF(X.EQ.YY) GO TO 80t
CALL FLOT(0+s1355.+0)
WRITE(7,802) )
FORMAT (35X FEAK NO.‘/s2Xr "ENERGY 72X, “STND DEV 72Xy ’COUNTS?)
[0 803 I=IFNsIFFN
WRITE(7,804) I»AREN(I)AEL(I)sAHT(I)

FORMAT(39XrI2:4Xs1F63s5Xr1F6.2:2Xs1F8.19/9%sX» "ENTER NEW VALUES!’

1,7 ENERGY:STND DEV,COUNTS:’r4X)
REAL(S,805) AEN(I) yAELC(I) rAHT(I)
FORMAT(31F10.0)
CONTINUE
AEL (31)=(AEL (IFN)X2.33482) %2, -AEN(IFN)%X3489.,25-25000.46
CALL ERASE
WRITE(7y806)
FORMAT($y’ ITERATE NEW VALUES? Y-N %)
READ(S,799) X
IF(X.EQ.YY) GO TO 850
IF(X.EQ.YN) GD TO &4
G0 TO 809
MFLAG=-1
CONTINUE
CALL ERASE

RETURN TO SEARCH TO FIND NEXT FEAK AND REFEAT AKQUVE UNTIL
ALL IDENTIFIED K-L-M FEAKS HAVE EBEEN ANALYSED ’

FLAG=9999.
RETURN
END
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APPENDIX B

Subroutine Library — NXRYL

Function ATOMNR
Function ATOMWT
Function ENERGY
Function EDGE
Function YIELD
Function BETA
Function CROSS
Function GEN
Function ABGEN
Function FWHM‘

Function SIGMA

Subroutine PARAM
Subroutine MASSAB

Subroutine QATR

Subroutine BKSCTR
Subroutine KWBGND
Subroutine KBGND
Subroutine MSUB
Subroutine XCPY
Subroutine LOC

Subroutine NEGTVE

- Subroutine MLTFIT

Subroutine CHIMIN

Subroutine CHISQ

Subroutine BGRND1:

Subroutine BGRND2

Function ICHN
Function CONV

Function SCALEN
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Subroutine Library — NXRYL

This appendix contéins a listing of a general x-ray analysis sub-’
routine library common to the programs NEDS, NXRYRT, and NMCS, as well

: : as important subroutines dealing with the various calculations presented

R TR AR P s 1 e

in this research. For example, the calculation of the angular distribu-
tion of continuum intensity or the functional dependence of the theo-

retical peak-to-background ratio for thin foils can be duplicated by

reference to these subroutines and Egs. (2.47) through (2.51).
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FUNCTION ATOMNR(SYMRUL)

c
£ C OUTFUTS ATOMIC NUMBER OF ELEMENT WHICH CORRESFONLS TO SYMROL
v c )
" DIMENSION SS(18),NUM(18)

COMMON /ELEMNT/ CS(100),ALNID(S)
- DATA CS/° H' s ’HE’» LI’y ’RE*s* E’3’ C’7’ N’y"* 0’2’ F’y’NE’
I 1y /NA“» "MG’s AL 1’SI’ s’ F’y’ S’y 'CL’y ‘AR’ s’ K?s’CA’2°SC’»*'TT",
I "CR«“MN‘ ¢ “FE“ 5 'CO‘s "HI*y"CU’ 2N’ » "GA’ ‘GE’r’AS’»’SE’,
‘KR ‘RU’Y'FRH’ s "FL1* o

’

’ ‘RE’s 'SR’y Y’4*ZR"
4°AG’s’CD”

’

b4

A r ¥ 14 ’ 14 14 14 ’
14 ’ ’ i4 14 ’ t4 ’ 14
?IN"5“SN’ ¢ “SE’y "TE’s* I/5*XE’1’CS’s EA’+ LA’ s CE’y
JNDUy CEM e PSMY s CEUY s CGDY (TR ‘DY’ 9 “HO* » “ER’ " T’ ' YR" y
PHE 5 CTAYy? W'y RE’,/0S s IR’ *FT* 4 AUy “HG’ 7 *TL’ 5 *FE"y
s 14 14 ’ ’ r 14 14 ’
14 14

"NB’ MO’ ’TC”

SIF-RI
6°LU”

]
i
j
-iJf
{
|
!
L]
§
1
]
i
é,

SAT s PRNY 5 CFRpPRAC s AC s TTHY 4 fFA“ 7 U’y /Ny “FU*
B AN’ »CM’y *EK’, 'CF*
‘ DATA ALNII/'KA’s LA’ s "MA‘ 5 ‘KR’ ¢ LR’y ‘ME’ /

L . DATA SS//ND’s"H  *4’E *4/C “4'N *,0 *,

,’ ',)’ 9IF I'IF- I’IS I,IA I’It\‘ I!IV l’IY I'II l’/w I’AIU ‘ s

"ES‘y 'FM‘/

v A'y’CR’ /
i 9iNUN/1000117576;778!9715!16:13!19:23739!53774192318741/
. - DO 1 I=1,100
i e IF(SYMBOL-£S(I))155,1
R i 1 CONTINUE
ﬁ o 2 1=1,18
o IF (SYMEQL-SS(I1))2,4,2
5 2 CONTINUE
¢ WRITE(7,3) SYMEOL
& 3 FORMAT (30Xs‘THE ELEMENT ‘,Aa2r" DOES NOT EXIST’)
o GO 70 7 .
by 4 SYMEBOL=CS(NUM(I))
f I=NUM(I)
: S ATOMNR=I
GO 1U &
7 " ATOMNR=0
6 RETURN
END

o
Loy,

PR SR

FUNCTION ATOHWT(Z)
C OUTFUTS ATOMIC WEIGHT OF ELEMENT Z
c

c

gg?ENzigNogéig?éos,e.939,9.012,10.811,12.011,14.007.15.999,18.998

120 183;ﬂ2.990;24.312;26.982;28.086y30,?74532.06472:.333:22:333:
759.107120.080944.956y47.900:50.942;51.92iyu4.932:;;.909'§3.800’
§°8.715-63 S40765.370169.720,72.590,74.922,78.960+77. 18 a 905
455'470;87:670188.905191 220,92.906995,940,99.000,101.070,102

S

S
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) RETURN
10 IF(Z-20,)7,11,11
11 WAVE=1./(-2.5359515-24Z%(2.33104E-3-Z%(4.181201E-5-2%(4,97452E

- Gt

leNekes Re)

5106.4001107.870:112.400:114.820:118.6901121.750r127.600;126-904:
6131.300;132.905:137.3401130.9107140.120'140.907;144.240'147.0007

7150.350:151-9601157.2507158‘9247162.500;164.9301167.260:168.9341

8173.040;174.970:178.490;180.948;183.8507186-200;190.200;192.200:
9195.090r196-967:200.590:204.3?0'207.190;209.980:210.000:210.000:

'1222.OOOr223.000:226.0007227.000y232.038:231.OOO;Z38.03O:237-0007

2244.0001243.000:247.OOO!247.0007251.000:254.000:253.000/
1=Z , .

ATOMUT=AC(I)

RETURN

END

FUNCTION ENERGY(Z,L)

OUTFUTS ENERGY OF XRAY LINE OF ELEMENT Z» IF L=1+s2,3+4+5,6
THEN QUTFUTS KAsLAsHMA-KE,LE,ME LINES KRESFECTIVELY
BUTFUTS ENERGY IN -KEV-
GO TO (153,5+8+10,12),L
1 IF(Z-=-3.37y2+2
2 WAVE=1./(-1,67456P9CE-034+Z%(-6.8467562E~05+7Z%(4.281489E-04+

1Z%(1.,0809595E-054+Z%(~3,027904E-0742%(4,6637467E~09-2,6734801E~11

2821220
ENERGY=12,37788/WAVE
RETURN

3 IF(Z-8+)7+4,4

4 WAVE=1./(1.9140411E-02+7%(-3,8046413E~C3+Z%(2,468844465E-04+
1Z%(—~3.9334538E-0417%(6.4498238E-08+2Z% (-5, 1038884E~-10+
27Z%1.582812E-12))13)))

ENERGY=12,37788/UWAVE

RETURN

IF(Z-40,)7+b+6

WAVE=1,/(-,43267874+Z%( . 023126494+2Z%(-4,46580727E-04+

1Z%(4.6345331E~06~1.5432413E-08%2))))

ENERGY=12.37788/WAVE

RETURN

7 ENERGY=0.,
RETURN

8 IF(Z2-11,)7+9+9

14 UAUE=1./(1.905995-2‘2*(6'072234E~3—Z*(1.194595E—3-Z*(9.651631
1E-6~Z%(1.802092E-7~2%1.037428E-9)))))
ENERGY=12,37788/WAVE

o

1~6-7%(6.023346E~B8~Z%(4.04167E-10~Z%8.23945E-13))))))
ENERGY=12.37788/UAUE
RETURN

12 IF(Z-50,)75,13,13
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13 WAVE=1./(1.1729946E-1-2%(9.385426E-3-Z%(2.777442E-4-2%(3.60862
19E-6-Z%(2.812141E-8-Z%8.4532E-11)))))

R ENERGY=12.37788/WAVE

RETURN

# END

A St Tir st L S s A0S
2

TO CORRECTIGN FOR AERSORFTION EFFECTS DUE TO DETECTORS
RE WINDOW, AU LAYER, AND SI DEAD LAYER

THICKNESS USED = MANUFACTURERS SFECIFICATIONS

INPUT ENERGY IN KEV;AES= SUM(U(E).T)

anoaonc o

b s L e
-

. E WL=12,3779/E
: : ARE=0.3S0%WLXX2,.86
IF (WL,LE.6.745) GO TQ SO
ASI=1.54%WL%%2,73
i GO TO 51
v ASI=18.S%WL%x%2,77
IF(WL.LE.G.B63) GO TO S4

IFCCWL.GE.0.B463) ,ANL. (UL LE,0,9033)G0 TO SS
IF ((WL.GE.0.903),ANL.(WL.LE,1.04))G0 TOS56
IFC((WL.GE.1.04) ,AND (WL.LE.3.62)) GO TO 57
IFC(WL.GEV.3.42)  ANDL (WL.LE.3,939))G0 TO S8
IFC(WL.GE.3.939) . ANLI. CWL.LE,4.522)) GO TO S9
IFC((UWL.GE.4.,522) ;AN (WL..LE . 5.415))60 TO 80
- IF ((WL.GE.5.4135) . AND.(WL.LE.6.1572)6G0 TO 61
2 IF ((WL.GE.4.157) ANDL(WL.LE.8.3401)) GO TO 62
i AAU=2C, 1XWLXX2, 2
e GO TO 63
G4 AAU=272,%WL%XX2,59
GO T0.463
AAU=232, WL %x%2,80
GO TO &3
96  AAU=167.%WLX%2.80
GO TO 43
AAU=47 . 64%WLX%X2,80
GO TO 63
AAU=S8, 3xWL*%X2,80
GO TO 43
S?  AAU=48.3%WLX%2.80

GO TO 63
80  AAU=41,8%WL%%2.80
2 GO TO 63

(L]
[}

e ) e Fasen I
[& w
(4]

o e R ST
&)
N

o
(4]
[00]

Vi g v

i 61 AAU=22.SXUL¥%2.2
i GO TO 63
: 62 AAU=21.XWLK%2,2

Ty LA R S AT R
A/ BT S LT :

|
- SUERQUTINE MASSAEB(LE,ARS)
| . CALCUALTE HMASS.AES. COEFF FOR 0.7 ~ 20, KEV XKAYS
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43 AAU=—-AAUX38.6E-06 .
ASI=-ASIX%2,33E-03 . ) -
AEE=-AKEX1,4097E-03 -

ARS=AAU+ASI+ARE
RETURN
END

FUNCTION ENOGE(ZsN)

C THIS FUNCTIGN CALCULATES THE WAVELENGTH OF CHARACTERISTIC
C ABSORFTION ELGE OF ELEMENTZ, N=1-9 CORRESFONDS TO KsL1sL2:L3,M1,M2,H3,
C M4,M5 WAVELENGTH IN ANGSTROMS.,

GO TO (1352:354+5+657+8+95,10)sN

1 EDGE=—1.3047E—2+Z*(6.0888E—3~Z*(5.5706E—4—Z*(1.14285—4
1—2*(4.3872E~6~Z*(8.3315E—8—Z*6.1105E—10))))) -
GO 70 11

e

EDNGE=1,3446E~2-7%(2,9704E-3-Z% (2. 801E-4-7%(7.1603E~6—Z£ (2 . E~7
1-Z%(2,2743E~9~Z%9 . 7452E~12)))))
GO TO 11
3 ENGE==3,5441E-247% (5. 6833E-3~Z%(3,1012E~4-Z% (1. 1498E~5
1~Z%(1.1217E-7~Z%(3.6034E~104+2Z%X9 . 0739E~133))) )
GO TO 11 )
4 ENGE=-9,3211E-2+Z%(1,5753E-2~Z%(?,5002E-4-Z% (3, 15786E~5
1-ZX( 4 492E~7~Z% (3, 1953E~9-2%8.S014E~12))))) .
GO TO 11 ‘
5 EDBE==.5497447% (4. 8436E-2~2% (3, 399GE~3-Z% (8, 6866E~5-ZX (1 1779E~&
1-Z%(8.2E-9-Z%2.,2794E~11)))))
GO TO 11
6 EDGE=-.64464+Z*(7.7538E—2—Z*(3.74E—3—Z*(9.2964E—5-Z#(1.23455“6-
1-ZK(8.4477E-9-Z%2.3158E-11)))))
GO TO 11
7 ENGE=-,97256+Z%(.1103-Z%(
1-Z%(1,0735E-8-2%2,933E-11
GO TO 11
8 ENGE=-,981224Z%(,109385-2% (4, 9342E~3-2% (1, 1555E~4-2% (1. 4681E~&
1-2%( 9 6993E~9~ZX2.5961E~11)))))
GO TO 11
9 EnGE=~.73755+z*<al2784£—2—z*<3.76225-3—2*(8.88755-5—2*(1.13725-6'
1-Z%(7.5702E-9~-ZX2.0419E-11)))))
GO TO 11
10 EDGE=6,2696E-2~Z%(7,58868E-3~Z%(3,5136E~4-2%(8,2023E~4
1-Z%(1.0477E-7~Z%(6.6909E~10~2%1,7612E~-12)3)) )
11 EIGE=1./EDGE
IF(N-1) 12,12,15
12 IF(Z-S7.) 15715,13
13 EDGE=0.,00000001 . :
14 RETURN ' - :

S.0823E-3~-7%(1.221E~4-2%(1,5894E-6&
IDEDD]
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1S IF(EDLGE) 16:14,17
16 ENGE=999.
17 IJF(EDGE~999.) 18,514,146
18 IF(Z-2.%(2%N=-1)) 1é6s16,14
RETURN
ENI

FUNCTION YIELD(Z,L)
THIS FUNCTIOM CALCULATES THE FLUORESCENCE YIELDL OF ELEMENT Z FOR
LINE L :

GO TO (1+2+351,2,2),sL
1 D==0.03794842Z%(0,034256-Z%Z%0,1146342E~-05)
GG T0 4
1=-0,1110865+2%(0.013680~Z%Z%0,217720E-06)
GO TO 4
[1=-0.000346+Z%(0.00386+Z%Z%0.20101E-08)
L=D%%X4,
YIELD=D/(1.+1)
RETURN
END

D

LW

FUNCTION ERETA(Z»J) -
C THIS FUNCTION CALCULATES THE RATION KETA/ALFHA LINE
C INTENSITY RATION FOR ELEMENT 7 1.INE J
GOTD(1+4+55154+5),J
1 JF(Z-17.) 352,2
2 X=AL0G(Z)
BETA=~14,46259584X%(15.603086+X%(-6.2366705+X%
1(1.1166658~-X%0.074854434)))
RETURN :
3 RETA=0.01
. RETURN
4 RETA=-0.0154+0.00575%Z
RETURN :
BETA=0.5
RETURN
END

(4]

SUEROUTINE FARAM(EGsECsLsZRsROsREsANsDENsWsFsSsARSCr THICPrATW,EE)
COMMON F(16)

F(1)=EQ

F(2)=2R

F(3)=EC

F(4)=RR

F(S)=1,-RO/RR
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1
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e

F(&)=AN
. F(7)=DEN
e F(a) =y
= " OF(9)=F
F(10)=§
A F(11)=ARSC
. F(12)-TH
3 F(13)=Cp
: F(14)=ATW
F(15)=KE
Fe16)=L
RETURN
END

FUNCTION CROSS(TYFE,ZyEQ-EC,L)

THE GIVEN FARA.
It FOK MICROFROLE

C CALCULATE THE IONIZATION CROSS SECTION FOR
o c IF TYFE=0. CLASSICAL CROSS SECTION USE
Y c WITH CORRECTIONS EY MOTTEMASSEY ,» RURHOF,
b c 2 WORTHINGTON S TOMLIN
7 c IF TYFE=1. HMODIFIED EY ZALUZEC TO ACCOUNT FOR
3 c BY CHANGING CONSTANTS (EMEIRICAL
. C IF L=1 CALCULATE K SHELL CkoSS SECTION
H C IF L=2 CALCULATE L SHELL CROSS SECTION
C EK=CONSTANT RELATED TC RADIUS OF SHELL
C NZ=NUMEER OF ELECTRONS IN FULL SHELL
U Z=REDUCED' FATHLENSTH FARAMETER =FRACTION OF ELECTRON RANGE
B C EO= INCIDENT ENERGY (KEV)
o g EC= CRITICAL EXCITATION ENERGY (KEV)
5 c
& ARK=6.4924F-20
i IF(L.EQ.1) EK=0.35
T IF(L.EQ.2) EK=0,25
F3 IF(L.EQ.1) NZ=2
i IF(L.EQ.2) NzZ=8
& EZ=EO%(1,~Z)%%0.447
7 IF (EZ.LE.EC) GO 10 9
% ET=1.~(1./(1.4EZ/511.,) )y xx2,
i BZ=(1.65 +2.3SXEXF(1.,~EZ/EC))
z IF (TYFE.EQ.0) ET=0,

UZ=EZ/EC
IFCTYFE.EQ.1.) BZ=(3,.%(1,-EXF(-EC/2
(1.-EXF(-(1250/EC)/(UZ)%%2.))

I
G
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i
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e
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CROSS=AK*BN*NZ*(ALOG(4.*EZ/(BZ*EC))—ALOG(l.-BT)—BT)/(EC*EZ)
RETURN.

9 CROSS=0, S
RETURN
ENI

FUNCTION GEN(T)

COMMON F(16)

Z=1.EQ04%T/F(2)

QZ=CROSS(1.sZsF(1)+sF(3)sF(16))

RZ=F (A% (1, —F(S)XEXF(=F(10)%F(7)%Z/4.))

IF (RZ.EQ.0.) RZ=1, .
ZN=EXF(-F(10)%F(7)%2Z)

GEN=0., O0T825¥QZXRIXZNKF (EI¥F (7IXF(BI%XF(PIKF(13)/F(14)
RETURN

ENI

FUNCTION AEGEN(T)

COMMON F(14)
2=1.E04X%XT/F(2)
BE=F(15)/57.295779
TH=F(12)/57.295779
CORR=SIN(EE)/SIN(TH)
AZ=EXF(—-F(11)*%F(7)%CORR¥Z)
AEGEN=GEN(T)%AZ

RETURN

END

0900000-$000'000000ooooo'oocQoo00$0000‘00'¢cv00000000o0vnooooo-
SUEROUTINE QATR

FURFOSE

TO COMFUTE AN APFROXIMATION FOR INTEGRAL(FCT(X), SUMMED
OVER X FROM XL TO Xu).

USAGE '
CALL QRATR (XLsXUsEFSsNIOIM»FCT,Y s IER s AUX)
- FARAMETER FCT REQUIRES AN .EXTERNAL STATEMENT,

DESCRIPTION OF FARAMETERS

XL -’sTHE LOWER EOUND' OF THE INTERVAL.

Xy = THE UFFER EOUND OF THE INTERVAL.,

EFS — THE UFFER EOUNII OF THE ARSOLUTE ERROR .,

NDT#f ~ THE DIMENSION OF THE AUXILIARY STORAGE ARRAY AUX.
NIIr-1 IS THE MAXIMAL NUMEER OF HISECTIONS OF
THE INTERVAL (XLsXU).

FCT = THE NAME OF THE EXTERNAL FUNCTION SUEBFROGRAM USED.

Y -

THE RESULTING AFFROXIMATION FOR THE INTEGRAL VALUE,
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IER = A RESULTING ERROR FARAMETER.,
AUX -~ AN AUXILIARY STORAGE ARRAY WITH DIMENSION NDIM.
REMARKS

ERROR FARAMETER IER IS CODEDL IN THE FOLLOWING FORM

IER=0 - IT WAS FOSSIKLE TO RCACH THL RCQUIRCD ACCURACY,
NO ERROR. .

IER=1 - IT IS IMFOSSIELE TO RIEACH THE REQUIRED ACCURACY
RETACAUSE OF ROUNDING ERKORS.,

IER=2 =~ IT WAS IMFOSSIFLE TO CHECK ACCURACY EETACAUSE NDIM

IS LESS THAN Sy OR THE REQUIREI' ACCURACY COULD NOT
RETA REACHED WITHIN NDOIM-1 STEFS. NDIM SHOULL ERETA
INCREASED,
SUEROUTINES AND FUNCTION SURFROGKRAMS REQUIRED
THE EXTERNAL FUNCTION SUBFROGRAM FCT(X) MUST RETA CODRED RY
THE USER. ITS ARGUMENT X SHOULD NOT EBRETA LESTROYLED.

METHOD :

EVALUATION OF Y IS DONE FY MEANS OF TRAFEZOINAL RULE IN

CONNECTION WITH ROMRERGS FRINCIFLE. OM RETURN Y CONTAINS

THE BETAST FOSSIELE AFFROXIMATION OF THE INTEGRAL VALUE AND

VECTOR AUX THE UFWARD [IAGONAL OF ROMEERG SCHEME.

COMFONENTS AUX(I) (I=1,2r..,.,IENIs WITH IEND LESS THAN OR

EQUAL TO NDIM) ECOME AFFROXIMATIONS TO INTEGRAL VALUE WITH

DECKEASING ACCURACY BY MULTIFLICATION WITH (XU-XL).

FOR REFERENCE, SEE '

(1) FILIFFI, DAS VERFAHREN VON KOMEERG-STIEFEL-FAUER ALS
SFEZIALFALL NES ALLGEMEINEN FRINZIFS YON RICHARLSON,
MATHEMATIK~TECHNIK-WIRTSCHAFT, VOL.11, ISS.2 (1964},
Fie49-54,

(2) BAUER, ALGORITHM 60, CACM, VOL.4r ISS.6 (1961)s FF.255.

C L
L A I I I I O A I I I I R A A A A I I A A Y A A N A I I 'Y

SUEROUTINE QATR(XLsXUsEFSyNLIMsFCTsY,IERsAUX)

DIMENSION AUX(1)

FREFARATIONS OF ROMEBERG-LOOF
AUX(1)=,5%(FCT(XLI+FCT(XU))
H=XU-XL

IF(NDIM-1)8,8,1

IF(H)2,10,2

NDIM IS GREATER THAN 1 AND H IS NOT EQUAL TO 0.
HH=H

E=EFS/AES(H)

LELT2=0,

F=1, -
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3 i ‘ '
;'}
;
i
1 B JJ=1
00 7 1=2,NDIN
b ’ Y=AUX(1)
] : DELT1=DELT2
b HI=HH
: HH= . SkHH
3 i F=.5%F :
e XaXL+HH |
; b SM=0,
{ " 00 3 J=1,J4J
: ; SH=SM+FCT (X)
: z 3 X=X+HD A
! i AUX(I)=,S%AUX(T-1)+F¥SH : .
1 % c A NEU AFFROXIMATION OF INTEGRAL VALUE IS COMFUTED EY MSANS OF
é ot c TRAFEZOIDASL RULE,
] >
i c START OF ROMEERGS EXTRAFOLATION METHOL,
i Q=1.
K JI=I-1
; 00 4 J=1,J01
; 1I=1-J
0=Q+Q
0=Q4Q ‘
4 AUXCII) =AUY(IT+1)+(AUXCIT+H1)-AUXCITI) ) /(0~1,)
C - ENDI GF ROMFERG-STEF
c
LDELT2=AKS (Y-AUX(1))
IFCI-5)7+55
i 5 IF(DELTR2-E)10,1056
Z 6 IFCTFI TR-DELT1)7,11411
® FANNENNENN
5 8 IER=2
F 9 Y=HEAUX(1)
& RETURN
% 10 1IER=0 .
4 GO TO 9
= 11 IER=1
; Y=HxY
g RETURN
) & END
&t
&
& '
54 SUEROBUTINE EKSCTR(ZAV,EOQsECA,ROsRE)
2 c THIS SUBROUTINE CALCULATES THE ELECTRON SCATTERING
& c CORRECTION FACTORS TO X-RAY CALCULATIONS
1 c AS DERIVELD BY REUTER
p ETA=-0,025440.016XZAV-1,S6E~04%ZAVXKD, +8, SE-07XZAVX %3,
g RO=1.42.8%(1.-,9%(ECA/EQ) IXETA
¥ RE=3.+4.,05SE-10%ZAVX%S,
¢ RETURN '
& END
]
%
o
k3
z¥
i
@
%
&
§
b
2
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FUNCTION FWHM(ENZ)

[} THIS FUNCTION CALCULATES THE FWHM OF AN XRAY FEAK
C LDUE TO DETLCTOR EROALENING
Cc ENZ=ENERGY OF XKAY LINE IN KEV
[o4 RESULT FWHM IN KEV
FUHM=EQRT (CNZ #3487 ,25 +28000.)/1000.
RETURN
END
SURROUTINE NUBGND(Z;EO,EyDEyANGLE:BG)
o CALCULATE EGRND INTENSITY FROM K&W EQUATIONS
C 7Z=ATOMIC NUMEER
C EO=INCIIENT ENERGY
C E:== CONTINUUM ENERGY
'C DE =CONTINUUM ENERGY WINDOW AKQUT E
[
[ SFECIAL NOTE ALL ENERGY IN UMNITS OF -Ev-
cC

C ANGLE= ANGLE FROM INCIDENT EEAM DIRECTION (FORWARDI=0.0 LEGREES)
C NOTE THAT K& W USE GAUSSIAN UNITS MUST DIVIDE E KY 300.

C ALSO MUST DIVIDE THEIR Q BY EXH TO GET CORRECT UNITS
c

C UNITS ON Q ARE mNOW
C

Cc

CHMXOK24 S (STERADLANRATCOM )

ZC=EQ/(300.%7%%2.)

U=E/EOD :
Y3==0.00259+0.00774/(ZC+.116)
Y2=0,0674+0.023,/¢ZC+.75)
Y1=0.22%(1,-0,39KEXF(-26.9%ZC)) :
YH=(-0.214%Y1 + 1.,21%Y2-Y3)/(1.43%Y1-2,43%XY2+Y3)
YJ=(1.42, ¥YHIXY2-2.%(1.+YH)XY3
YR=C1.+YH)X(YI+YJ)

YI=(-YJ+YK/(U+YH))/ZC
ASEXF(=-0,223%ZC)-EXF (=57, %ZC)
H=EXF(-0.0828%XZC)~EXF(—-84.9%ZC)
AA=1.47%E~0.507%A-0.833
EE=1,70%E~1,09%A~0,627
XI=(0.252+AA%(U~0,135)~KRX(U~0,135)%%2)/2ZC
ET=SART(1.~(1./(E0/S.11E0S+1))%%2,)
THETA=ANGLE/S7.295779

S=(SIN(THETA) YX¥2/(1.~HT*COSC(THETA) ) x4
C=1.+ (COS(THETA)»*%2/(1,~ETXCOS(THETA) ) %x%4
EG=(XI%S+YI%XC)IXDE/E ’
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MULTIFLE EBY CONVERSION FACTCOR
10%%-50./(1.4021E-12 ERGS/EV %4.136E-15 EV SEO)

10%%-50.= K2 W CONSTANT

LGaIGX1 :G0F1E-24
RETURN
ENIt

SUEBRQOUTINE KEGNIDN(ZAV,EOQ-E,DE»EG)
CALCULATE EGRND INTENSITY FROM KRAMERS EQUATION
ZAV= ATOMIC NUHEER OF MATRIX
EO0= INCIDENT ENERGY
E = CONTINUUM ENERGY
DE = CONTINUUM WINDOW WIDTH

SFECIAL NOTE ALL UNITS OF ENERGY ARE IN -EVU-
UNITS ON Q ARE CM*#Q./(STERADIAN ATOM)

DATA FI1/3.14159/
AK=1,42846E-21/(4 ., %P1}~
ZAVR=ZAVXZAV .
EG=ARXZAV2XLE/ (EOXE)
RETURN

END

FUNCTION SIGMACENsEL)

THIS FUNCTION CALCULATES THE STND DEV OF EDS FEAK [OR
DETECTOR SYSTEM. HERE FEAK ENERGY IS IN EV SIGHMA IS IN EV » EL IS
A VARIATION PARAMETER FOR GAUSSIAN FITTING )
SIGMA=SART(EN%3.48925+25000.64EL)/2.35482
RETURN
. END
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SURROUTINE MSUR

FURFOSE ’ '
SUETRACT TWO MATRICES ELEHMENT EY ELEMENT TO FORM RESULTANT
MATRIX .

USAGE
CALL MSUE(AsEsReNsMsMSALMSE)

DESCRIFTION OF FARAMETERS

A — NAME OF INFUT MATRIX

B -~ NAME OF INFUT MATRIX

R ~ NAME OF QUTFUT MATRIX

N — NUMEER QF ROWS IN ArEsR

M -~ NUMBER 0OF COLUMNS IN AsEsKR

MSA - ONE DIGIT NUMEER FOR STORAGE MODE OF MATRIX A
0 - GENERAL )
1 - SYMMETRIC
2 — DIAGONAL

MSE — SAME AS MSA EXCEFT FOR MATRIX I

REMARKS
NONE

SURROUTINES ANU FUNCTION SURFROGRAMS REQUIRED
Loc

METHOD

STRUCTURE NF OUTFUT MATRIX IS FIRST DETERMINED. SUBTRACTION
QF MATRIX E ELEMENTS FROM CORKRESFONDING MATRIX A ELEMENTS, |
IS THEN FERFORMED.

THE FOLLOWING TABLE SHOWS THE STORAGE MOIE OF THE QUTFUT
MATRIX FOR ALLACOHBINATIONS OF INFUT MATRICES

B R
GENERAL GENERAL GENERAL
GENERAL SYMHETRIC GENERAL
GENERAL DIAGONAL GENERAL
SYMMETRIC GENERAL GENERAL .
SYMMETRIC SYMMETRIC SYMMETRIC
SYMMETRIC DIAGONAL SYMHETRIC
DIAGONAL GENERAL ’ GENERAL
DIAGONAL SYMMETRIC SYMHMETRIC
NIAGONAL DIAGONAL INIAGONAL

90 0 8 0 00 0060600 EEPELIEOESIESIOEIDPIEOLIOEPNILOESINLIILIELIOISIIOEGEOIEINOIOOIOEOIDIOEOOLEOITPNEOEDS

SUEKROUTINE MSUE(AsEsRsNeMsMSAYMSE) |
DIMENSION AC1)»EB(1)sR(1)
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DETERMINE STORAGE MONE OF OUTFUT MATRIX

nooon

_ IF (MSA=MSKE) 75,7

) 5 CALL LOCC(N HsNHsNsHM»HSA)
GO TO 100

7 MTEST=MSAXMSE
MSR=0
IF(MTEST) 20s20,10

l 10 MSR=1 :

| - 20 IF(MTEST-2) 35,35,30

{ : 30 MSR=2

o

Cc
. : Cc LOCATE ELEMENTS AND' FERFORM SURTRACTION
: c

35 0 90 J=1,M
0o 90 I=1sN
CALL LOC(I:J-IJR+NsM+MSR)
IF(IJR) 40,20,40

40 CALL LOC(IsJrIJArN»HMsMSA)
AEL.=0.,0
IFCIJAY 50s,60:50

50 AEL=A(TIJA)

60 CALL LOC(I»JsIJEsN+sMsMSR)
KEL=0.0
IF(IJRY 70,80,70

70 REL=BE(IJE)

80 R(IJR)=AEL~FEL

90 CONTINUE
RETURN

SUETRACT MATRICES FOR OTHER CASES

o SR SEREFCIS T Pl A% e P08 F vkt

aoo0on

100 IO 110 I=1+NM
110 R(IN=ACI)~-E(IL)

RETURN
END
c
c QOQO0.0QQOOOO'OO'OC0006"0'.0'0000"0l'!v’ol.00'.00000000000000
c
c SUBROUTINE XCFY
c
c FURFOSE
c COFY A FORTION OF A MATRIX
c
c USAGE
c
c

CALL XCPY(AsRsLsKsNRyMRyNAsMALMS)

»
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LESCRIFTION OF FARAMETERS
A~ NAME OF INFUT MATRIX
R = NAME OF OUTFUT MATRIX
L - ROW OF A WHERE FIRST ELEMENT OF f CAN EE FOUND
K - COLUMN OF A WHERE FIRST ELEMENT OF R CAN .RE FQUND
NR - NUMRES QF ROWS TO EF CGFIEU INTO K
MR ~ NUMBER OF COLUMNS TO EKE COFIEL INTO R
NA = NUMEER OF ROWS IN A )
MA — NUMEER OF COLUMNS IN A
MS -~ ONE DIGIT NUMEER FOR STORAGE MODE OF MATRIX A
- 0 — GENERAL
1 - SYMMETRIC
2 — DIAGGNAL

REMARKS

MATRIX R CANNOT EE IN THE SAME LOCATION AS MATRIX A
MATRIX R IS ALWAYS A GENERAL MATRIX

SUEROUTINES ANI FUNCTION SURFRCGRAMS REQUIRED
Loc

METHOD

MATRIX R IS FORMED Y COFYING A FORTION OF MATRIX A. THIS

IS DONE BY EXTRACTING NR KOWS AND MR COLUMNS OF MATRIX As
STARTING WITH ELEMENT AT ROW L, COLUMN K

0000000"'0000oooooo0’¢ovooos0'oooooo00oovo'o'oooococoooolocoauoooo

SGURROUTINE XCFPY(AsRsLsKsNRs MR s NAsMANS)
LDIMENSION A(1),R(1)

INITIALIZE

IR=0
L2=L+NR-1
K2=K+MR~1

0 S J=K,K2
L3 5 I=L,L2
IR=IR+1
R(IR)>=0.0

LOCATE ELEMENT FOR ANY MATRIX STORAGE MOLE
CALL LOC(IsJrsIAsNAsHMAYMS)

TEST FOR ZERO ELEMENT IN DIIIAGONAL MATRIX

IF(IAY 4,5,4
RCIRY=A(IA)
CONTINUE
RETURN

END
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SUEROUTINE LOC

FURFOSE
COMFUTE A VECTOR SUESCRIFT FOR AN ELEMENY IN A MATRIX OF
SFECIFIED STORAGF MOLE

USAGE .
CaLL LOC (I»JrIRsNsHsMS)

DES”RIFTIDN OF FARAMETERS
I ROW NUMERER OF ELEMENT

J - COLUMN NUMEER OF ELEMENT
IR - RESULTANT VECTOR SUKSCRIFT
N - NUMEER OF ROWS IN MATRIX
M - NUMEER OF COLUHNS IN MATRIX
MS - ONE DIGIT NUMEER FOR STORAGE MOLE OF MATRIX
0 - GENERAL
1 - SYMMETRIC
2 - [IAGONAL
REMARKS
NONE
SUEROUTINES AND FUNCTION SURFROGRAHS REQUIRED
NONE
METHOD

- MS=0 SURSCRIFT IS COMFUTELD FOR A MATRIX WITH N%M ELEMENTS
IN STORAGE (GENERAL ®ATRIX)

MS=1 SURSCRIFT IS COMFUTED FOR A MATRIX WITH N&t(N+1)/2° IN-
STORAGE (UFFER TRIANGLE OF SYMMETRIC MATRIX)., IF
ELEMENT IS IN LOWER TRIANGULAR FORTIONs SUERSCRIFT IS
CORRESFONDING ELEMENT IN UFFER TRIANGLE.

2 SUESCRIFT IS COMFUTED FOR A MATRIX WITH N ELEMENTS
IN STORAGE (DIIAGONAL ELEMENTS OF NIAGGNAL MATRIX).

IF ELEMENT IS NOT ON DIAGONAL (AND THEREFORE NOT IN
STORAGE)» IR IS SET TO ZERO.

Ui
J

MS

SO0 000000000000 0PLEIPIIEO 0000 IEIIILEPIPIOIEIOIIIPEIIOIPIOLOELOGEBLOEOONIGEGS

SUEROUTINE LOC(I,JsIRsNsMsHS)

IX=X

JX=J

IF(MS-1) 10,20,30
IRX=N¥(JX-1)+IX
GO TO 36

20 TF(IX-JX) 22,24,24

RE
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22 IRX=IX+ (JIXKIX-IX)/2
60 TO 36
24 IRX=JX+(IXKIX-IX3/2
G0 TO 36
30 IRX=0
IF(IX-JX) 36:32,36
30 INXeIX
36 IR=IRX
RETURN
END

SUBROUTINE NEGTVE(XAsNFT,RIMIT)
C

C THIS SUERDUTINE SETS THE MAXIMUN NEGTVE VALUE

C STORED IN THE ARRAY XA leH NFT NUMRER OF FOINTS

DIMENSION XACL1)
LO 1 I=1sNFT

IF(XACD) JLE. (-1 . XRIMITY) XA(I)=-1. *RIHIT

1 CONTINUE
RETURN
END

FUNCTION ICHN(ENsIRES)

C THIS FUNCTION CALCULATES THE CHNNEL NQ. WHIYICH CORRESEONDS TO
C THE ENERGY ENs AT RESOLUTICON RES,EN IN -KEV-

ICHN=INT(EN%*1000,/IRES)
RETURN
ENI!

FUNCTION CONV(EARSsSARS,IRES,ENsR)

o000 n0n

ALL ENERGIES IN —EV~
S1=0.
52=0.
MIN=EABS~5.%SARS
MAX=EAKS+S . XSARS
MID=EARS .
00 1 I=MIN,MID,IRES

Si=$1+EXP(—((EN—I)/SIGHA(EN;O.))**2./2

o)

THIS FUNCTION CONVOLUTES A STEF FUNCTION WHICH CHANGES
IT VALUE FROM 1 TO R AT AN ENERGY LEAES. CONVOLUTION IS WITH A
STANDARD GAUSSIAN CHARACTERISTIC OF DETECTOR

IRESFONSE.
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: 1 CONTINUE

0O 2 I=HID,MAX,IRES

S2=S24EXF (~((EN-I)/SIGMA(EN;0,))%X2, /2,
CONTINUE

RN1=51/52

RN2=52/51 4

CONV=1.,/(1.4RN2) + R/(1.+RN1)

RETURN

END

R

e N N 7 'SR EPY I RN SLSI LS - DRSO IS IPe SRy TS 7Y

C
Cc
C
(o4
[o4
[
C
[
FUNCTION SCALEN(MINsMAX)
[
€ THIS FUNCION FINDS MAD OF ARRAY F EETUEEN MINsMAX
COMMON P(SOE)rE(SOZ)yBG(SOZ)rEKLH(502)ySUBID(76)
SCALEN=0Q
00 1 I=MINsMAX
. SCALEN=AMAXI(SCALENF (1))
1 CONTINUE
“ SCALEN=SCALENX1.0
N RETURN
; END

pe=
(sXy Ny Nely]

% SUEROUTINE MLTFIT(IPN!NP;NPT)

THIS SURROUTINE FITS MULTIFLE GAUSSIANS TO EXFERIMENTAL
IATA THE GAUSSIAN FEAKS FITTED ARE THOSE WHICH HAVE EEEN
IDENTIFIED' IN THE K-L-M MARKER MODLE OF THIS FROGRAM.
IFN= IS THE FEAK NUMEER QF THE FIRST FEAK IN THE WINLOW
NF= THE REMAINING NUMEER OF FEAKS WITHIN THE WINDOW

NFT= NUMEBER OF DATA FOINTS WITHIN THE WINDOUW,.
THE ENERGY OF THE FEAK IS AEN(I)

THE FEAK HEIGHT IS AHT(I)

THE FEAK WINTH IS RELATED TO ENERGY RUT VARIED RY AEL(I)
NOTE THE FIRST TWO ITERATIONS HOLD' FEAK ENERGY CONSTANT
-COMMON F(502)+E(S02) »EG(S02) yEKLM(S02) + SUKIN(74)

OOO000000000

A SRR

COMMON SUME(760) » SUMF(760) s SUMIL(760) » ARG(30)
IFFN=IFN+NF-1
COUNT=0,

C Rt e e I T R R,

v

E e e

.COMMON SUBP(?é)ySUBE(76)rAEN(BO)sAHT(SO)rAEL(31)rAINr(BO)
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o CALL ERASE

1 [0 3 J=IFNsIFFN
C MINIMIZE FEAK HEIGHTS .
DELTA=(SQRT(AHT (D) 1) /5.

CALL CHIMINCIFNsNFsNFT2AHT(J)»DELTA) |

C MINIMIZE FEAK WIDNTHS

ALFHA=AEL (31)%0.03 ]

CALL CHIMINCIFNsyNFsNFTsAEL(31)sALFHA)
C MINIMIZE FEAK ENERGY

KETA=0.,005

IF(COUNT.LE.1.5) BRETA=0,

CALL CHIMIN(IFNsNFyNFTsAEN(J) s BETA)
3 CONTINUE

[ OUTFUT RESULTS
WRITE(7:5) (I,I=IFN-IFFN)
WRITE(7,103) (AEN(I)s1=IFN-IFFN)
WRITE(7:205) (AELCI) s I=IFNsIFFND
WRITE(7,y305) (ART(I) s I=1IFN» IFFN)

S FORMAT(’ FEAK NO.= ’,5¢(8X,13))

105 FORMAT(’ ENERGY = ’s35(4Xs1F7.2))

205 FORMAT(’ STNI DEV= ‘sS(4Xs1F7.2))

305 FORMAT(’ FEAK HT.= ‘,5(4Xs1F7.0))
WRITE(75,403)

403 FORMAT (X720 %’))
COUNT=COUNT+1 .
IF(COUNT.GE.S5.5) GO TO ¢

GO T0 1
b4 RETURN ) .
END
c
c
c
c
c -
SUBROUTINE CHIMIN(IFNsNFPsNFY VU,0ELTA)
c
C THIS ROUTINE MINIMIZES THE FITTING FARAMETERS VU FOR THE LEAST
C SQUARES ANALYSIS OF THE L'ATA FOUND IN SURF,SUFERY THE
C INCREMENTS OF DELTA
C NOTE THAT U IS NEVER ALLOWED TO EE LESS THAN DELTAX3

COMMON -F(S02),E(502) yBG(S02) y EKLM(502) » SURILI{76)

COMMON SUEF{76) ySUFE(74) s AEN(30) ,AHT(30) rAEL(31)»AINT(30)
COMMON SUME(760) s SUNF(760)SUMIN(760) +ARG(30)

AM=0 . &%V

AMM=V+0., 4%V

CALL CHISQ(IFNsNF>NFTsX1)
V=U-DELTA

IF(V.LE.AM) GO 70 2
IF(OELTA.EQ.O) GO TO 2
CALL CHISQ(IFNsNFsNFT»X2)

2

9
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]
4
!
i IF(X2-X1) 1,2,3 :
i 1 CALL CHISQCIFNsNFsNET>X1)
; U=U~-LELTA '
‘ IFCVLLE, AN G0 7O 2
! CALL CHISQCIFNsNFsNFT,X2)
; IF(X2-X1) 152,4
} 3 VU=U+DELTAX2, )
i IF (V.GE.AMH) GO TO 2
‘ 7 CALL CHISQ(IFNyNFsNFTsX1)
F VU=U+DIELTA
; IF (V.GE.AMM) GO TO 2
1 CALL CHISQ(IFN,NFsNFT,»X2)
: IF(X2-X1) 7,2,5
: 4 U=V+LELTA/2,
GO T0 2
5 W=U-LELUA/2,
2 RETURN
END
c
c
c
c
c
SUKROUTINE CHISQ(IFNsNF,NFTsXSQ)
c _ ‘
' C THIS SUBROUTINE CALCULATES THE CHI-SQUARED VALUES OF THE
C GAUSSIANS GIVEN
€ SKIP 1ST AND LAST FOITS

COMMON F(502) sE(S02) y BG(S0O2) yEKLM(S02) s SURILI(74)
COMMON SUEF(76) s SURE(76) s AEN(Z0) AHT(30) » AEL(31) s AINT (30)
‘ COMMON SUME(760) s SUMF (760) s SUMIDI(760) » ARG (30)
; LAST=NFT-2
xsa=0,
IFFN=IFN+NF-1
> D0 1 I=2,LAST
2 SUM=0,
L0 2 J=IFN,IFFN
AEL () =SIGMA(AEN(JI%1000.,AEL(31))
: BRCKET=(SURE(I)~AEN(J))%1000./AEL(J)
: SUM =SUM+AHT (J)XEXF(-RERCKETX%2./2,)
2 CONTINUE
XSQ=XSQR+(SURF (I>~SUM)%*2,
. 1 COUNTINUE
. RETURN
END

TG e
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SUEBRCUTINE BGRNDl(EOrIRES;BLlyBUiyBLQrFUQ:BL3:BU3:AQA:BEBrCCC)

CALCULATES RACKGROUNID' Y FOLYNOMIAL FIT TO 3 REGIONS/
INCLUD'ING EFFECTS OF DETECTOR EFFICIENCY -
ALL ENERGIES IN -EV- :

COMMON F(502) vE(502), DG(5025 s ENLH(S02) » SURIL(76)
CALCULATE EG FARAMETERS FOR EACH ENERGY RANGE
CALL EGRND2 (EQsIRESsEL1sRU,E11,E12,E13,E4,E23,E2,E33,E3)
CALL BGRND2 (EO,IRESsEL2sEU2,F13sF12:F13,F1,F23,F2,F33,F3)
CALL EGRNDI? (EOsIRES,EL3sEU3,611,612,613,61,623,62,633,G3)
H11=E114F114G11
H12=E124F124G12
H13=E13+F13+613
H1=E1+F1+G1
H21=H12
H22=H13
H23=E23+F234623
H2=E2+F2+4G2
H31=H13
H32=H23
H33=E33+F33+633.
H3=E3+F 3463
DELTAL=H11%(H22%HIZ-HI2kH23)
DELTAR=H124 (H21%H3IZ-HI1%H23)
DELTAZ=H13% (H21¥H32~H31%H22)
LELTA=DELTA1-DELTA2+DELTAS
I=HIX (H22%H33~H32%H23 )
A2=H12X (H2XH33-H3¥H23)
AZ=H13X (HZXH32-H3%H22)
AAA=(A1~A2+A3) /LELTA
E1=H11%(H2¥HIZ-HI%H23)
B2=H1%(H21%H33-H31%H23)
E3=H13X(H21%H3-H31%H2)
BEE=(B1~E2453) /0ELTA
C1=H11k(H22¥H3-H32%H2)
C2=H12% (H21%H3~H31%H2)
CI=H1% (H21%H32~H3I1%H22)
CCC=(C1-C24C3)/[ELTA
CALL FLOT(525.5,180.,0)
WRITE (7,88)
FORMAT(’ CALCULATED FOLYNOMIAL COEFFICIENTS:' ‘)
WRITE(7+89)  AAAsEKE,CCC
FORMAT(2X,3(1X,1FEL0,3))
L0 90 1=2,500,1
FF=(I-1.)XIRES
CALL MASSAE(FF;ARSFF)
CC=(EQ-FF)/FF
EG(I)=(AAAXCCH*2+EEEXCC+CCC) XEXF (ARSFF)
IF(EG(I).LE.O) EG(I)=1.0
IF (I.LE.25.) BG(I)=FG(24)
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CONTINUE
EG(1)=1,
KETURN
END

SUERQUTINE BGRND2(EO,IRES,KL1,EU1,511,512,513,51,523,52,533,53)

CALCULATES FOLYNOMINAL FIT FARAMETERS FOR LGNNIt EQ.

(&}

COMMON F(502)s£(502) yBG(S502) yERLM(S02) s SURILI(74)
LEL1=FEL1

LEU1=RU1

§11=0.

$12=0,

813=0.

S1=0,

§23=0,

S2=0.

§33=0.

s3=0. : )
00 855 I=LEL1,LERU1,IRES ' :
J=I/IRES

F=I

EF=(EQ-F)/F -

CALL MASSAE(FyAERSF).

S11=S11+EF¥X4, XEXF (2, %AESF)
E12=5124EF%k3 . EXF (2, XARSF)
S13=S13+EF%X%¥2.XEXF (2, %ALSF)
S1=S1+F(J)KEFR®2, XEXF (ARSF)
S23=S23+EFXEXF (2. %XARSF)

S2=824+F (J)XEFXEXF (AKSF)

S3I3=S3I3+EXF (2. %ARSF)

S3=S3+P () XEXF (ARSF)
CONTINUE

RETURN

END
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APPENDIX C

Subroutine Library — NGRAPH

Subroutine CRTPLT
Subroutine SYMPLT
Subroutine PLRPLT
Subroutine ERASE
Subroutine PLOT
Subroutine XYTRAN
Subroutine TRANXY
Subroutine CRSSHR
Subroutine POINT
Subroutine SPOINT
SuBroutine LINE
Subroutine SYMBOL
Subroutine SCALE
subroutine RSCALE
Subroutine OFFSET
Subroutine AXIS
Subroutine TICS
Subroutine LABEL
Subroutine TINPUT

Subroutine TOUTPT
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5 | APPENDIX C

¥
e

Subroutine Library — NGRAPH

This appendix documents the graphics subroutine library written for

i use on the DEC LSI-11 microcomptiter and Tektronics 4010 1 graphics terminal
% for use in conjunction with the data ana1y51s programs described elsewhere

: in these appendices. These routines can also be used on a stand-alone

; A
e R At < kit e BB o B AL s 4 b ot

' ? basis for graphics display of calculations performed on the computer system.
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GRAFHICS LIERARY FOR FLF LSI-11 MICROCOMFUTER
ANY QUESTIONS AND/OR COMHENTS
SHOULL BE DRIRECTED TO

e A

NESTOR J. ZALUZEC

DEFARTMENT OF METALLURGY
MATERIALS RESEARCH LAEORATORY
UNIVERSITY OF ILLINOIS

UREBANA » ILLINQIS 61801

i

aoonocooonacOcon

eI AR STy

SUBROUTINE CRTFLT (XZsYZyXAsYArNPT»NHODZ s IRFLT» XH:YH»SXAsSYAP NSy
i ITLXsNILXyILYsNILY)

THIS IS THE GRAFHICS CONTROL SURROUTINE WHICH WILL
FRODUCE A COMFLETE GRAFH ON THE TEKTRONIX 4010-1 TERNINAL
INCLUDING AXII,T1C MARKS AND LAEBELS

R e R USRS TR EV-RIC LY Sw R T ST PRI N ST TR N N e S Tar NS Su - Y

XZ= ORICIN oF CRAFH (X AXIS) IN ARQDLUTE SCRLFﬂ UNITS (50.-1023.)

YZ= (Y Aaxis) ° * (S50.,-770.)
XA= ARRAY OF IIATA FOR X AXIS
YA= * ' Y AXIS

NFPT= NUHBER OF FOINTS IN XA & YA TO ERE FLOTTED
NMODE= DESCRIEBES TYFE OF FLOT
0= IATA FLOTTEL AS L[QTS
= DATA FLOTTED AS CONTINUOUS LINE
~NMODZ= IATA FLOTTED A8 SYHMROL (I.E. NMODE IS NEGATIVE)
SEE SUBRQUTINE SYMEOL FOR LIST OF SYMEROLS .
IRFLT= SUFERFOSITION CONTROL . '
0= NEW GRAFH ERASE SCREEN AND DIRAW AXII ETC
1= SUFERINFOSE DATA ON TOF OF CLD GRAFH
(USE SCALE FACTORS FROM OLD GRAFH FOR FLOTTING)
XM=AUXILIARY MAGNIFICATION CHANGE (OVERRILES
CALCULATED SCALE FACTORS IF DIFFERENT FROM 1.0) X AXIS
YH= AS XM BUT Y AXIS
SXA= [IATA ARRAY USEDl TO SCALE X AXIS (CAN EBE DIFFERENT FROM XA)
SYA= AS SXA EUT Y AXIS )
NS= NUMERER OF FOINTS IN SXA & SYA TO RIZ USED FOR SCALING
ILX= ARRAY CONTAINING THE LABEL FOR THE X AXIS (2 HOLLERITH
CHARACTERS FER ARRAY ELEMENT) .
NILX= NUMERER OF CHARACTERS IN ILX -
ILY= ARRAY CONTAINING THE LAREL FOR THE Y AXIS (1 HOLLERITH
CHARACTER FER ARRAY ELEMENT)
NILY= NUMBER OF CHARACTERS IN ILY
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h

i DIMENSION XA(1) s YA(L1)sSXAC1) s SYA(L) » ILXC(2) »ILY (L)
COMMON /CRTLST/ XHINsDOXrYHINsDY,OFFX:OFFY»XLoYL

GRAFH LENGTH X AXIS 800 UNITS
GRAFH LENGTH Y AXIS = 500 UNITS

[s1eNeXy]

; XL=800.,
3 TYL=500.,

CALCULATE SCALE FACTORS

aan

R CALL SCALE(XMIN>DIXsNSySXA»XL)
i CALL RSCALE(YMINsI'Y:NS,SYAsYL)
‘ ; DX=DIXKXM
: LY=0YXYM
i : CALL OFFSET(XHINsIX»YMINsDYsXZrYZsXLsYL)

CHECK FOR SUFERFOSITION

[Ny Ry)

IF (IRFLT.EQ.1) GO 7O 2
M CALL ERASE
CALL AXIS(1)
CALL TICS
CALL LAREL (ILXsNILXsXILYsNILY)

c
c IRAW DATA
o
2 IF{NMODE.EZQ.0) CALL FOINT(NFT:X&rYA)
IF(NMODE.EQ.1) CALLL LINE(NFTsXA:YA)
IF(NMODE.LT.0) NSYM=—1XNMODE
IF(NMODE.LT.0) CALL SFOINT(NFTsXAsYAsNSYMs3,)
RETURN
& END
i c
S c |
g SUERGUTINE SYMFLT(XZrYZsXAsYAsNFTyNSHs IRFLT IR YMr XoNX» Yo NY)
)E c
% c THIS SUEROUTINE IS SIMILIAR TO CRTFLT HOWEVER INSTEAD
% c OF FLOTTING Y VS. X IT DRAWS A SYMEOL THE SIZE OF WHICH
% c IS FROFORTIONAL TO THE INTENSITY OF Y VS. X FOSITION
c
§ c ITSs SFECIFIC USE IS IN STRUCTURE FACTOR CALCULATIONS
% c IN ELECTRON IIFFRACTION FATTERNS
W o :
ﬁ c XZsYZsXArYASNFT» IRFLT,YM AS DEFINED IN CRTFLT
c -
é C NSM= TYPE OF SYMEOL TO RE FLOTTED
o c IK= IS THE DARK LEVEL INDICATOR
g c I.E. A VALUE OF YAC(I)< DK IS CONSIDERED' TO KE ZERO INTENSITY
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X=SCALING ARRAY FOR X AXIS
NX= NUMBER OF FTS IN X
Y=SCALING ARRAY FOR Y AXIS.
NY= NUMEER OF FTS IN Y

DIMENSION XA(1)YA(1) e X(1)rY (1) '

SET X AXIS LENGTH =800, UNITS
SET MAXIMUM SYMEOL SIZE = 40, UNITS

XL=800.

YL=40.

CALL SCALE(YMINsDIYsNY.YrYL)

CALL SCALE(XMINsDXsNXsXrXL)

nyY=nvyxyM

IF(IRFLT.EQ.Q) CALL ERASE -

CALCULATE FOSITION OF SYMEOL ON SCREEN
0 1 I=1sNPT
XFT=XZ +(Xa(I)-XMIN)XDIX

YET=YZ
SIZE=(YACI)-YHINIXDY

NOTE ASSUME ANY SIZE LESS THAN IIK=0.00
IF(SIZE.LT.DK) GO TO 1

FLOT SYMEOL -

CALL SYMEOL (XFT»YFTsSIZEsNSH)

CONT INUE

RETURN
END

SUEROUTINE PLRFLT(XZ:YZ!XAyYA;NPTsNSM;IRFLT:XH;YM;XrNXrY;NY%

THIS SUERQUTINE FLOTS I'ATA IN A FOLAR COORDINATE SYSTEM
XZrYZsXAyYZyNFTeNSHy IRFLT»XMs YMs XeNXsYsNY AS IN CRTFLT & SYMFLT

XA = ANGLE THETA IN LEGREES (0 = HORIZONTAL$ CCW= '+ DIRECTION)
YA = INTENSITY AS FUNCTION OF THETA

[ATA FLOTTELD AS A CONTINUGCUS LINE WITH 10 SYMEOLS (NSM)
SUFERIMFOSED EVERY 0.1%NFT DEGREES
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DIMENSION XA(1),YA(1)

MAXIMUM FRADIUS = 400 UNITS

YL=400.

YUL=YZ+YL

YLL=YZ-YL

XUL=XZ+YL

XLL=XZ-YL .

CALL SCALE (YMINsDYsNYsYsYL)
IF (IRFLT.EQ.0) CALL ERASE

MOVE FOINTER TO FIRST FOSITION

RO=(YA(1)-YMIN)XDY
A= XA(1)/57.29

XET=XZ+RO¥COS (A)
YET=YZ +RO¥SIN(A)
IF(XFT.LE.XLL) XFT=XLL
IF(XFT.GE.XUL) XFT=XUL
IFCYFT.LE.YLL) YFT=YLL
IF{YFT.GE.YUL) YFT=YLL
CALL TOUTFT(29)

CALL XYTRAN (XFT,YFT)
NFF=NFT+L

FLOT DATA

o 1 I=1sNFFP
R=(YA(I)~YMIN)IXDY
A=(XA(I))I/57.29
XFT=XZ + R*COS(A)
YET=YZ + RXSIN(A)
IF(XFT.GE.XUL) XFT=XUL
IF(XFT.LE.XLL) XPT=XLL
IF(YFT.GE.YUL) YFT=YUL
IF(YFY.LE.YLL) YFT=YLL
CALL XYTRAN (XFT,YFT)
CONTINUE

0o 3 I1=1:10

CALL TOUTFT(22)
CONTINUE

CALL TOUTFT (31)

FLOT SYMEQL ON TOF OF DATA CURVE

INC=0.1%NFF

[0 2 I=1+NFFsINC
R=(YA(I)=YMIN)X0Y
A=(XACI)I/E7.29
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XFT=XZ+R¥COS(A)

YET=YZ+RASIN (A)
IF(XFT.GE.XUL) XFT=XUL
IF(XFT.LE.XLL) XFT=XLL
IF(YFPT.GE.YUL) YFT=YUL
IF(YFT.LE.YLL) YFT=YLL

CALL STMRUL (XFI1>YFT,8.,sNSH)

2 CONTINUE
RETURN
END
c
C
c
c
c —
SURROUTINE ERASE
c
[ THIS SURRCQUTINE ERASES THE TEKTRONIX TERMINAL
C OUTFUT (ESC) (FF) TO SCOFE FOR NEW FAGE
c
CALL TOUTFT(7)
CALL TOUTFT(27)
CALL TOUTFT(12)
c
c TIME [ELAY FOR ERAUD RATE FURFOSES
c .

"po 1 I=1,1000
1 CALL TOUTFT(22)
CALL FLDT(O0.5767.50)
C RESET TO ALFHA MOLE
CALL TOUTFT(31)
RETURN
END

SUERROUTINE FLOT (X,Y,NMODEZ)

THIS SUERROUTINE MOVES THE FOINTER TO A FOSITION
XsY (ARSOLUTE UNITS) ON THE SCREEN
IF NMODE =0 MCVE TO FOSITION

=1 MOVE 70O FOSITION AND FLOT A FOINT

TURMN ON GS
CALL TOUTFT(31)
CALL TOUTFT(29)

C TEST FOR MOVE, FOINT FLOT, : O»1
IF(NMODE.EQ.0) GO TO 1
IF(NMODE.EQ.1) GO TO 2

C FLOT LINE FROM LAST TO NEUW

0O 0a00O0
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2 CALL XYTRAN (XrY)
1 CALL XYTRAN (X»Y)
C TURN OFF GS
CALL TOUTFT(31)
RETURN .
END

SUKROUTINE XYTRAN(X,Y)

c .
c THIS SUEROUTINE TRANSMITS COORDINATE INFORMATION
c 70 THE TEKTRONIX TERMINAL IN THE AFFROFRIATE MANNER
c .
C BREAK UF XY INTO HI/LO COMFONENTS
IX=X .
Iy=Y

LOX=MOII(IXry32)+64
IHOX=MOD(IX/32,32)+32
LOY=MOL(IYs32)4+96
IHOY=MOD(IY/32+32)+32
C TRANSMITT TO TEKSCUFE
CALL TOUTFT(IHOY)
CALL TOUTFT(LOY)
CALL TOUTFT(IHGX)
CALL TOUTFT(LOX)
RETURN
END

SUEBROUTINE TRANXY(XsYsXFT»YFT)

THIS SUBROUTINE CONVERTS ARSOLUTE SCREEN COORDINATES
OBTAINED RY USING THE CROSSHAIR INTO LATA VALUES AFFROFRIATE
TO THE LAST SET OF SCALE FACTORS USED FOR FLOTTING DATA
¢=ABSOLUTE SCREEN COORDINATE X AXIS

= . L] . Y L] N
XPT= DATA VALUE X AXIS
YFT= LATA .VALUE Y AXIS

COHMMON/CRTLST/ XMINsDXe YMIN:DYsOFFXsOFFYs XL YL
XFT=(X-0FFX)/IX + XMIN
YET=(Y=-QFFY)/0Y + YHMIN
RETURN :

END
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- SUEROUTINE CRSSHR(X,Y) .
. c )
* C THIS SUBRQUTINE LIGHTS UF THE CROSSHAIK
. C FOSITION THE CROSSHAIR BY MOVING THE YHUMEWHEELS
- £ ON THE TERMINAL THEN STRIKIE ANY FRINTING KEY (OR HIT- RETURN)
’ C THE VALUE OF THE AEBSOLUTE SCREEN COORDININATE ARE THEN TRANSHITTED
CTOX &Y
C X=X AXIS AEBSOLUTE COGRDINATE
C Y=Y AXIS AESOLUTE COORDINATE
CALL TOUTFT(27)
CAaLL TOUTFT(26) o
CALL TINFUTC(IC,IHXsILXsTIHY,ILY)
. X=32% (IHX-160)+(ILX-140)
. Y=32%(IHY=-160)+(ILY~160)
N RETURN
; END
2
& SURROUTINE FOINTU(NFT»AXsYA)
¢
& C THIS SUEBROUTINE FLOTS AN ARRAY OF FQOINTS WHERE
- C NFT=NUMEBER OF FOINTS IN THE ARRAY
b € AX= ARRAY OF DATA FOR THE X AXIS
g g YA= ARRAY OF DATA FOR THE Y AXIS
é C SFECIAL NOTE: THE VALUES OF XMINsDX:YMINsDY ;OFFXsOFFYsXL,YL
§ C WHICH ARE REQUIRED FOR FLOTTING ARE INTERNALLY SET EY
A 'C CALLING THE SUBROUTINES SCALE AND OFFSET ’
2 ¢ '
i COMMON /CRTLST/ XMINsDXsYMINsOYsOFFXs0FFYsXLoYL
% DIMENSIGN AX(NFT) s YA(NFT)
¥ XENL=0FF X+XL
EE)

YEND=OFFY+YL
10 1 I=1,NFT

g XPT=0FFX+{AX(I)—XMIN)¥IIX
2 YRFT=0FFY+(YA(I)=YMIN)XDIY
g XFT=INT(XFT)

& YFT=INT(YFT)

% IF(XFT.GE.XEND) XFT=XEND
¥ IF(YFT,GE.YEND) YFT=YEND
P IF(XFT.LE,OFFX) XFT=0FFX
& IF(YFT.LE.OFFY)Y YFT=UFFY
& CALL TOUTFT(29)

3 CALL XYTRAN(XFTsYFT)

i CALL XYTRAN(XFTsYFT)

by CALL TOUTFT(31)

% 1 CONTINUE

% RETURN

g_ END
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SUEROUTINE SEOINT(NFTsAXsYAsNTYFE,SIZE)

THIS SURROUTINE FLOTS AN ARRAY OF FOINTS WHERE
NFT=NUMEER OF FOINTS IN THE ARRAY ’
AX= ARRAY DOF DATA FOR THE X AXIS

vya= AKRAY OF DATA FOR THE Y AXIS .
NTYFE=SYMEOL TQ RE FLOTTED AT THE FOIN

SIZE=SIZE OF THE SYMEOL TO BE FLOTTELD

SFECIAL NOTE! THE VALUES OF XMINsDX;?MIN;DY;OFFX:OFFY:XLrYL
WHICH ARE REQUIRED FOR FLOTTING ARE INTERNALLY SET RY
CALLING THE SUEROUTINES SCALE AND OFFSET

COMMON /CRTLST/ XMIN»DXsYMIN,OYyOFFXsOFFYsXLsYL
DIHEMNSION AXINFT) s YA(NFT)

XEND=0FFX+XL

YEND=0FFY4YL

00 1 I=1yNFT

XET=0FFX+(AX(I)=XMIN) XX
YFT=0FFY+(YA{I)-YHIN)IXDY

XPT=INT(XFT)

YRT=INT(YFT)

IF(XFT.GE.XENTD) XFT=XENI
IF(YFT.GE,YENL) YFT=YEND
IF(XFT.LE.OFFX) XPT=0FFX
IF(YFT.LE.QFFY) YFT=0FFY
CALL SYMBOL(XFTsYFTsSIZE,NTYFE)

1 CONTINUE
RETURN =~
END

SUERCUTINE LINE (NFT,AXsAAY)

THIS SUBROUTINE IIRAWS A CONTINUOUS LINE FROM DATA FOINT TO DATA FOINT
NFT=NUMRER OF [IATA FOINTS'

AX=ARRAY OF DATA FOR X AXIS

AAY=ARRAY OF LATA FOR Y AXIS

SFECIAL NOTE! THE VALUES OF XMINsIXsYMIN,IYsQFFXsOFFY,XL,YL
ARE SET RY CALLS TO THE SUERROUTINES SCALE ANLI OFFSET

COMMON /CRTLST/ XMINs» DXy YMIN, DY sOFFXsOFFY XLy YL
DIMENSION AX(NFT)sAAY(NFT)

XEND=0FFX+XL

YENL=OFFY+YL
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i & -
y
i f XLAST=0FF X+ (AX (1)-XMIN)KDX

YLAST=0FFY+(AAY (1) -YMIN)XDY
IF(XLAST.GE.XEND) XLAST=XEND

] by IF(YLAST.GE.YEND) YLAST=YEND
] e IF(XLAST.LE.OFFX) XILAST=0QFFX
3 : IF(YLAST.LE.OFFY) YLAST=0FFY

CALL TOUTFT(29)

B e

CALL XYTRAN(XLAST:YLAST)
: [0 1 I=1,NFT
; i XFT=0FFX+(AXCI)=XMIN) XOX
: " YFT=0FFY+(AAY (1)~YMIN)XDY
i IF (XFT.GE.XEND) XPT=XEND
; El IF(YFT.GE.YEND) YFT=YEND
p i IF(XFT LE OFFX) XFT=UFFX
]- % IF(YFT.LE.QOFFY) YFT=OFFY
i 7 CALL XYTRAN(XFT,YFT)
: i 1 CONTINUIE
X 7 C INSERT TIME DELAY FOR BAULN RATE FURFOSES
| # [0 2 I=1,10
1 g 2 CALL TOUTFT(22)
. % CALL TOUTFT(31)
. RETURN
END

SUBROQUTINE SYMBOL(XsYsHGHT»NTYFE)

THIS SUBROUTINE DRAWS SYMEOLS AT THE FOINT XsY
SIZE IS THE SIZE OF THE CHARACTER (WIDTH=HEIGHT) IN

AESOLUTE SCREEN UNITS , NTYFE IS THE TYFE OF SYMEOL TO EE DRAWN
1=SQUARE

2=TRIANGLE

w D
RN

X
+
HEXAGON
6=DTAMOND
7=STAR
8=CIRCLE
=007

OOO0OO0OO0O0O00O0O0ODO 00

CALL TOUTFT(29) -

SIZE=HGHT/2.
FLAG=0.

GO T0 (1721394259697 +9+8)sNTYFE
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DRAW HEXAGON

CALL
CALL
CALL
CALL
CALL
CALL
CaLL
CALL
CALL
cAaLL

XYTRAN(X-SIZE/2,,Y+SIZE)
XYTRAN(X-SIZE/2. s Y+SIZED
XY I RANCX+OLI2EZ2. 9 Y+STIZE)
XYTRAN(X+SIZE,Y4SIZE/2.)
XYTRAN(X+SIZE,Y-SIZE/2.)
XYTRAN(X+SIZE/2. s Y-SIZE)
XYTRAN(X-SIZE/2.,Y-SIZE)
XYTRAN(X-SIZE,Y-SIZE/2.)
XYTRAN(X~-SIZE,Y+SIZE/2,)
YYTRAN(X-SIZE/2. s Y+ELZE)

GO TO 99

URAW DIAMOND

CALL XYTRAN(X:sY+SIZE)
CALL XYTRAN{(X:Y+SIZE)
CALL XYTRAN(X4+SIZE.Y)
CALL XYTRAN(X,Y-SIZE)
CALL XYTRAN(X-SIZE,Y)
CALL XYTRAN(XsY+SIZE)
GO 70 99

- DRAW .( LOT

CALL XYTRAN(XsY)
CALL XYTRAN(X:,Y)
GO TO 99

IIRAW CIRCLE

CALL XYTRAN(X+SIZE»Y)
Do 11 I=1s91
THETA=0.,069813%{(I-1)
XFT=SIZEXCOS(THETA) + X
YFT=STZEXSIN(THETA) + Y
CALL XYTRAN(XFT,YFT)

GO TO 99

INSERT TIME DELAY

DO 98 I=1,10
CALL TOUTFT(22)
CALL TOUTFT(31)
RETURN
END
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SUERQUTINE SCALE(XMIN,DX»NFT»AAXXL)

FOR FLOTTING DATA USING A LINEAR SCALE ON THE TEKSCOFE
XHIN=MIN. VALUE IN ARRAY AAX
LX=SCALE FACTOR FOR FLOTTING IN FOINTS/UNIT OF LATA
NFT=NUMKER OF DATA FOINTS IN AAX
AAX=ARRAY CONMTATNING DATA
XL=tENGTH OVER WHICH DIATA IS TO ERE FLOTTED
NOTE THIS VALUE IS IN ARSOLUTE SCREEN UNITS
X AXIE=1024 SCREEN UNITS (MAX)
Y AXIS= 780 SCREEN UNITS (MAX)

DNIMENSTON AAX(NFT)
XMIN=1, E38
IO 1 I=1sNFT
1 XMIN=AMINL(XMIN:AAX(I))
XMAX=-1,E38
00 2 I=1sNFT
XMAX=AMAX1 (XMAXsAARX(I))

IF(XMAX-XMIN) 3:3+4
4 CONTINUE

DX=XL/ (XHAX--XMIN)
RETURN
3 uxX=xXL/10.
RETURN
END

n

SUEROUTINE RSCALE(XMINsDXsNFTyAAXsXL)

THIS SUEROUTINE CALCULATES THE APPROPRIATE SCALING FACTORS
FOR FLOTTING DATA USING A LINEAR SCALE OM THE TEKSCORE

NOTE THAT THIS ROUTINE ROUNDS ONLY THE UFFER LIMIT
XMIN=MIN. VALUE IN ARRAY AAX

IX=SCALE FACTOR FOR FLOTTING-IN FOINTS/UNIT OF DATA

NFT=NUMEER OF D'ATA FOINTS IN AAX
AAX=ARRAY CONTAINING [ATA

XL=LENGTH OVER WHICH DATA IS TO EE FLOTTED

NOTE THIS VALUE IS IN ARSOLUTE SCREEN UNITS
X AXIS=1024 SCREEN UNITS (MAX)

Y AXIS= 780 SCREEN UNITS (MAX)

TR KT IR R B R R L A S A e ek o L D B pree ATt i et

THIS SUSROUTINE CALCULATES THE AFFROFRIATE SCALING FACTORS
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DIMENSION AAX(NFT)
XMIN=1. E38
A 0 1 I=1sNFT
) 1 XHIN= AHINI(XMIN;AAX(I))
' " XMAX=-1,E38
" 00 2 I=1:NPT
XHMAX=AMAX1 (XMAX s AAX(I))
TF(XMAX~XMIN) 3,374
4 CONTINUE
IF (AES (XHAX) .GE.100.) GO 1O S
IFE(AKS(XMAX).LT.1,0) GO TO ¢
XMAX=10. X INT(XMAX/10, +1.)
GO TO &
9 CNT=—1.
i - 11 XHAX=XMAXK10.
3 g IF (ARS (XMAX) .LT.1.0) GO TO 10
3 XMAX=INT (XMAX +1.)%10 . ¥XCNT
GO TO &
10 CNT=CNT-1.
GO TO 11
CNT=1.
¢ XMAX=XMAX/10.
B IF (AES(XMAX).LT.100.> GO 70 8
i CNT=CNT+1.,
G0 TO 7
8 YMAX=INT (XMAX +1.)%10,XXCNT
: 6 CONT INUE
“ OX=XL /7 (XMAX=-XHIN)
y RETURN
32 3 X=XL/10.
RETURN ,
END

e a4 Lot Sl 8 ek i e b
r

3,
~N

SUKRROUTINE OFFSET(AsBsCrLyEsFsGrH)

THIS SURROUTINE STORES THE VALUES OF XMINsUXs YMINs DY sGFFXsOFFY XL YL
IN THE AFFROFRIATE ORDER

XMIN =MIN VALUE OF DATA ARRAY FOR X AXIS

IX=SCALE FACTOR FOR X AXIS
YMIN=MIN. VALUE FOR Y AXIS

IY=SCALE FACTOR FOR Y AXIS
OFFX=0FFSET OF ORIGIN USED FOR SHIFTING THE ORIGIN ALONG X AXIS
OFFY=0OFFSET OF ORIGIN ALONG Y AXIS

NOTE THAT OFFX AND OFFY MUST EE IN WUNITS OF

AESOLUTE SCREEN COORLINATS

oooo0o0ooOon0O0n00o00n
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COMMON /CRTLST/ XMIN,px,YMIN,nY;OFFX,DFFY:XL,YL
XMIN=A )
LiX=

YHIN=C

ny=n

OFFX=E

OFFY=F

XL=G

YL=H

RETURN

END

SUBROUTINE AXISCITYFRE)

Cc
C THIS SUBRROUTINE DRAWS X AND Y AXTI RASED ON VALUES
C DBTAINED FROM THE OFFSET SUBROUTINE

C XL=LENGTH OF x AXIS IN AXSOLUTE SCREEN UNITS
C YLL=LENGTH OF Y AXIS IN ARSOLUTE SCREEN UNITS
C ITYFE= TYFE OF AXIS O=0FEN 1=CLOSED
C
C NOTE TIC MARKS ARE NOT [RAWN WITH THIS ROUTINE
c
C
COMMON /CRTLS
XEND=0FFX+XI,
YENO=OFFY+YL
CALL TOUTFT(29)
CALL XYTRANCXEND , OFFY)
CALL XYTRAN(XENI1, OFFY)
CALL XYTRAN(QFFX,0FFY)
CaLL XYTRANCOFFX s YEND)
IFCITYFE.EQ.0) GO 10 1
CALL XYTRAN(XENI, YENI!)
caLy XYTRAN(XENL, OFFY)
1 CONTINUE
C INSERT TIME LELAY FOR EBAUL RATE FURFOSES
. 0 2 1=1,10
2 CALL TOUTFT(22)
CALL TOUTFT(31)
RETURN
ENID!

T/ XHIN:DX;YNIN;DY:GFFX;OFFY:XL:YL

Ll et
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)
§ 3 SUEROUTINE TICS )
] ‘. c : :
1 C THIS SUBROUTINE DIRAWS TIC MAKKS ALONG THE X AND Y AXIS OF A GRAFH
{ C USING YHE VALUES OETAINED FROM THE OFFSET ROUTINE ~
4 C X=X AXIS LENGTH
C YLeY MXIS LENBTH -
% C NOTE THAT THE TIC MARKS ALWAYS HAVE
: : C THE SAME DENSITY ALONG THE VARIOUS AXII
i . C THAT IS THERE ARE ALWAYS THE SAME NUMEER (20)
q ‘“ C AND ALTERNATE ONES ARE OF DIFFERENT LENGTH
i c :
: c
: : COMMON /CRTLST/ XMIN»IIXsYMIN:DY s OFFX s OFFY 5 XL 5 YL
; _ IX=0FFX
H e IY=0FFY
! . IEX=IX+XL
i ¢ IEY=O0FFY+YL
i £ INCX=~XL/20,
: % c
€ c ORAW X AXIS TICS
e 94 .
) [0 1 I=ICSX,IX,INCX
z:ﬁ S=1 *
3 A=(I-IX)%10,/XL .
% IFCA.EQ.INT(A)) S=2, :
¥ TCLGTH=10,%8
g YPY=0FFY-TCLGTH
i XFT=Y
3 YFT=INT(YFT)
& CALL TOUTFT(29)
Y CALL XYTRANC(XFTsOFFY)
X CALL XYTRAN(XFT,0FFY)
v CALL XYTRAN(XFT,YFT) '
K CALL TOUTFT(31)
& 1 CONTINUE
14 c :
4 ¥ g DRAW Y AXIS TICS
. : INCY=-YL/20,
. i DO 2 U=IEY,IYsINCY
‘ ¥ s=1,
i A=(J-IY)%10./YL
§ IF(A,EQ.INT(A)) S=2,
3 TCLGTH=10.%S
g XFT=0FFX~TCLGTH
£ YET=J
3 XFT=INT(XFT)
i CALL TOUTFT(29)
i CALL XYTRAN(OFFX,YFT)
& CALL XYTRAN(QFFXsYFT)
§
b

¥

W
§
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v
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CALL XYTRAN(XFT,YFT)
CALL TOUTFT(31)
CONTINUE

RETURN

END

ry

SUEROUTINE LABEL (ILXsNILX,ILYsNILY)

C .
C THIS SUBRROUTINE LAEELS THE AXII OF THE GRAFH
c

C ILX=ARRAY OF CHARACTERS FORK LABELING X AXIS

c STOREL' AS 2 HOLLERITH CHARACTERS FER ARRAY ELEMENT
C NILX=NUMEER QF CHARACTERS IN ILX
C ILY=ARRAY OF CHARACTERS FOR LARELING Y AXIS

c STORED' AS 1 HOLLERITH CHARACTER FER ARRAY ELEMENT
C NILY=NUMRER OF CHARACTERS IN ILY

EXAMPLE
STORE THE X AXIS LAEEL ENERGY(KEV) IN ILX
ANDl THE Y AXIS LABEL- COUNTS IN ILY

FOR LABELING THE X AND Y AXII RESFECTIVELY

DIMENSION ILX(&6)sTILY (&)

DATA ILX/‘EN’y’ER’s’'GY’ " ('"»’KE*»*VU)*/
DATA ILY/’C’ 70’y °U’+s'N*»*T*37S?/

CaLl LABEL_(ILX:IQ:ILY:&)

XL=X AXIS LENGTH
YL=Y AXIS LENGTH

THE ROUTINE LAEELS THE MIN AND MAX Q0F EACH AXIS AND' OUTFUTS

THE VALUE OF THE INCREMENT (MINOK TIC) IN UNITS OF THE ORIGINAL DATA
NOTE THAT THIS ROUTINE HAS ALSO EEEN SETUF TO WRITE ASCII :
CHARACTERS TO LABEL THE TITLES OF THE AXIIX

FOR REAUARILITY ALL LARELING IS DONE USING THE NORMAL TTY OQUTFUT

THE GRAFHICS ROUTINE AKE USED IN ORIER TO FOSITION THE OQUTFUT

WITH RESFECT TO THE COORDINATE SYSTEM

COMMON /CRTLST/ XMINsDX,YMIN,

DIMENSION ILX(1),ILY(1)
XENI=0FFX+XL-75,

IY s OFF X5 OFFY » XL 5 YL
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YEND=0FFY+YL+75,
YS=0FFY-25.
X5=0.
XXE=0FFX-75.
XHAX=XL/DX4XMNIN
YMAX=YL/LY+YHIN
DELTAX=KL/DX/ 20,
LDELTAY=YL/0Y/20.

LAREL X AXIS

CALL FLOT(XXSsYS,0)
WRITE(7,1) XMIN
FORMAT(IXs 1FEL10.3)

CALL FLOT(XEND:YSs0)
WRITE(7,10) XMAX
FORMAT(’ ’,1FE10.3)
XMID=0FFX +XL/22,
XTOP=XHMIL — 15.%(NILX/2,)
CALL FLOT(XTOFsYSs0)
NL=NILX/2,

WRITE(7:200) (ILX(I)»I=1,NL)
FORMAT (Xs350A2)
XHID=XHMID~-120,

YS=Y§-22,

CALL FLOT(XMIDIsYS,0)
WRITE(7+3) LELTAX
FORMAT(’ TIC = ‘,1FE?.2)

LAREL Y AXIS

CALL FLOT(XSsYEND,0)
WRITE(7:11) YMAX
FORMAT(’ ‘,1FE9.2)
YM=OFFY+11.

CALL FLOT(OQ.:YM»0)
WRITE(7s11) YMIN
YMID=OFFY + YL/2. :
YTOF=YMID + 22,%(NILY/2.)
00 201 I=1,NILY

CALL FLOT(20.sYTOF,0)
WRITE(7,202) ILY(I)
FORMAT (X»S0A1)
YTOF=YTOP-22,

CONTINUE

YEND=YEND-110.

CALL FLOT(O.,YEND,0)
WRITE(7,30) DELTAY
FORMATC’ TIC = ‘3/51FE9.2)
RETURN

END
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TAUTFT:
WAIT:

WRIT:

TINFUT?

TEST:

READ?

COUNT:

+TITLE TOUTFT
+GLOEL  TOUTFT
+MCALL REGLEF,,,.V2,.
e V2,,

+REGLEF .

T8T (RG)+

TSTER C#177564

EMI WRIT

ER WAIT

MOV C(RII+yH177566
RTS FC

«ENI TOUTFT

+TITLE TINFUT

+GLORBL TYINFUT

«MCALL REGLEF,,.v2,,
OOU::Z..

+REGLEF

18T (R3)+

MOV #0sCOUNT

MTFS #200

TSTR @%#1773560

EMI REALD

ER TEST

MOV C£1773562sB(RI)+
INC COUNT

CHF #5 COUNT

BNE TEST

MTFS 0

RTS FC

+WORT 0O

«ENI °° TINFUT

sADVANCE RS

+BIT 7 SET?

7 IF YES WRITE

sIF NO WAIT FOR SCOFE
SWRITE TO SCOFE
7RESET FROGRAM

F IGNORE ARG NUMEER

s ELOCK INTERRUFTS

fUOES CONSOLE HAVD A CHARACTER?
SREAD IF IT DIOES

$TRY AGAIN

FFUT NUMEER IN ARG.

#COUNT /S ARGUMENTS

#NORMAL INTERRUFT CONDITIONS
FRESET FROGRAM CONDITIONS

Loiad
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APPENDIX D
Computer Program NXRYRT
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APPENDIX D

Computer Program NXRYRT

This appendix contains documentation of the computer program NXRYRT
which can be used to convert experimentally determined x-ray intensity
ratios into composition ratios using a standérdless analysis approach.

In addition, the program can be used to predict experimental intensity
ratios once the sample composition is entered. Comment lines are appropri-
ately dispersed within the text and a simple flow diagram precedes the
documentation (Fig. 102). An example of analysis using this program is

given in Chapter 2, Section 2.2.8.
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TO BE ANALYZED

Ko» Lo

T

INPUT

|
!EYPERIMEVTAL VARIABLES

f

[ COMPUTE PARAMETERS

| FOR EACH ELEMENT

f

[CALCULATE DETECTOR

EFFICIENCY FACTOR

|

SELECT TYPE OF
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COMPOSITION RATIO
FROM
INTENSITY RATIO
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Fig. 102,

1

OUTPUT RESULTS

T

Flow Diagram for the Program NXRYRT.
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CALCULATION OF X-RAY EMISSION

THIS FROGRAM CALCULATES THE K(L)-ALFHA XRAY INTENSITY
RATIO EMITTED FROM A THIN FOIL GIVEN THE COMFOSITION
Ok GIVEN THE MEASUREL K(L)-ALFHA INTENSITY RATIO

IT WILL CALCULATE THE COMFOSITION CF THE ALLOY (RINARY)

THF CALCUI.ATION OF R{L)~ALFHA INTENSITY REQUIRES SEVERAL
FARAMETERS TO BE DEFINED THE FROGRAM REQUESTS THESE AS
NEELDED. IF THE CHARACTERISTICS OF ‘THE BINARY SYSTEM ARE
COMFLETELY DEFINED IT IS FOSSIBLE TO ITERATE THE CALCULATION
WITH THICKNESS. IF NOT ONLY A THIN FOIL CALCULATION '
CAN EE FERFORMED I.E. ONE HUST ASSUME THAT THE EFFECTS

OF ABSORIFTION AND SCATTERING CAN FE NEGLECTEL.

THE CALCULATION OF COMFQOSITION FROM K KRATIGS
USES THE THIN FILM AFFROXIMATION ‘IN ORDER TO
OBETAIN A COMFOSITION RATIO. ASSUMING A ERINARY
SYSTEM THIS IS CONVERTED INTO CONCENTRATIONS.

COMMON /ELEMNT/CS(100)»ALNIL(6)

COMMON F(16) 7AUX(1000)

EXTERNAL GEN:AEGEN

DATA YY: YNsEXsCONFsCINT/ Y 3N’y 'E*,“C* 37 1%/

DATA €S/’ H’:"HE’+ 'LI’s'EE"s’ R’s’ C’y’ N’y’ 0%y’ F’,'NE’
17/NA‘s "MG” 7 ALY 5 "SI s’ F’77 §’7°CL +"AR" s’ K’y CA’77SC’ s TI*y
27 Vs CRY s “MN’ 3 FE’5/CO’+ NI’ CU’»*ZN" 1 "GA* s *GE* s "AS’ s *SE*,
37ERy KRy ‘RE‘5“SR* s/ Y’y *ZR* 3 *NE’ s "M’ 5 “TC* 5 "RU"s ‘KH* 5 “FL’ y
47AG s CO s "IN’ s /SN’ "SE’y “TE’»* I’,*XE’+"CS’yEA’s LA, CE*y
SOFR s IND s FMY 2 SM7 “EU’ 5 “GD 5 “TE’ 5 "IV * 5 "HO” y *ER "+ *TH” 1 * YE*
SILUr “HEy "TA’y* W/ RE’50S"y *IR* 1 “FT 4 AUy "HB s " TL "y “FE*,
7'BI7y ROy AT s RN’ 5 “FR*y "RA’ 5 “AC 1 ' TH' s "FA’ s U’y 'NF 1 FU’
BYAM’ s "CH’s “EK’y"CF/» "ES"y 'FM*/

DATA ALNII/ ‘KA’ ‘LA’ 5 "MA’ s *KE’ 4 'LE’, "ME*/

.

EO= INCIDENT REAM VOLTAGE

BO= RELATIVISTIC CORRECTION FACTOR V/C

ECA= CRITICAL EXCITATION ENERGY OF K SHELL OF ELEMENT A
ECE= SAME EXCEFT FOR ELEMENT K

RO= HACKSCATTER SURFACLE CORRECTION FACTOR

RE= HACKSCATTER RULK CORRECTION FACTOR

ETA=EACKSCATTER COEFFICIENT OF AE .ALLOY

AN= AVAGADIRO‘’S NUMKER

WA =FLUORESCENCE YIELD OF K SHELL OF ELEMENT A

Wk= SAME RUT ELEMENT @
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C RAKEKA= RATIO OF KETA TO ALFHA LINE FOR ELEMENT A

C REBKEKA= SAME RUT ELEMENT E

C FA= K ALFHA FRACTION OF THE TOFAL K SHELL EMISSION FOR A

C FB= SAME HUT ELEMENT K

C CA=CONCENTRATION OF ELEMENT A IN UT. 7z

C Ck= SAME FOR ELEMENT E :

C DON=AFROXIMATE DENSITY OF Al ALLDY )

C ZAV=AFFROXIMATE AVERAGE ATOMIC # OF AR ALLOY
C AKSA= MASS ARS., COLFF FOR K ALFHA XRY OF ELEMENT A IN ALLOY AEK;
€ AKSD= SAME EXCEFT FQR K ALFHA XRY OF ELEMENT E
[ NOTE THAT ALL ENERGIES SHOULD EBE ENTEREI IN KEV
C .
c
c
WRITE(7,11)

11 FORMAT (/775 18X s # S80KRAK A FOK A ANOK K KO A K A K FOK K KA 3OK KK AR FHOK KKK 7 g
1/+38Xy "#K(L) ALFHA X-RAY INTEMSITY RATIO FROGRAMX’,
1/:18X» 7% 7706010000-NJIZ X’y
172 18X s FRRKFIRICRAIRAR R AR R KR RFIOROR KA KKK KR KKKRRKRKKK )

1 WRITE(Z7:111)

111 FORMAT(//»$s10Xs ‘ENTER 2 ELEMENTS A:E (EXIT=NONE) /)

READ(S,12) AsER '

12 FORMAT(A221X1A2)

FLAG=0.
FFLAG=0.
112 FORMAT (/> 18X 7 %30R380R %Kk K AOK KK A ROKKAOR IR KKK 7
1/518Xy % THIN FILH AFFROXIMATION %’ .,
175 18Xy £ RKAORK KB HOR KK KA KA KR KK KK KKK KKK )
C
c . CALCULATE VARIOUS FARAMETERS FOR THE ELEMENTS A & E
c
c
c
) ZA=ATOMNR(A)
IF(ZA.EQ.1000.) GO TO 9999
ZE=ATOMNR (K)
IF((ZA.EQ.0.).OR.(ZE.EQ,0)) GO 7O 1
c
c .
C CHOOSE LINE FOR ANALYSIS IF Z<45 K(L)-ALFHA
E IF Z>/45 L-ALFHA IS SUGGESTED
c
LA=0
LE=0
213 WRITE(7,212) A
212 FORMAT($:10Xs ‘ENTER ‘»A2s’ LINE TQ RE ANALYZED (KAsLA) *)
READ(S,214) ALINE :
214 FORMAT(A2)

IF(ALINE.EQ.ALNIDIC(1)) LA=1
IFCALINE.EQ.ALNID(2)) LA=2
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3 IF(LAL.EQ:0) GO TO 215
3 ¢ IF((ZAJ.T.26.).ANI.(LLA.EQR.2)) GO TO 217
' : IF((ZA.GT.45.) ANIIL (LA.ER. 1)) GO TO 217
: 216 WRITE(7,212) E
| s REALI(S5,214) ALINE
; 3 IF(ALINE.ER.ALNID(L)Y) LE=1
: IFCALINE.EQ.ALNID(2)) LR=2
! i IF(LE.EQ.0) GO TO 216
(R : IF((ZR.LT 264 AND (LALEQ.2)) GO TO 219
i g IF(C(ZB.GT.45.) JANIL (LALEQ.1)) GO TO 219
3 ) GO TDO 22
‘ : 217 WRITE(7,2i8) AsALNID(LA)
; . 218 FORMAT(X, “ANALYSIS OF “sA2+XsA2,’ IS NOT FRACTICAL ON A
i : 1/SI(LI) X-RAY DETECTOR SYSTEM’)
GO0 TO 2i5
219 WRITE(7,218) E-ALNID(LE)
GO0 TO 21§
220 CONTINUE
ECA=12,37788/EIGE(ZAsLA)
ECB=12,37788/EUGE(ZEyLE)
EKA=ENERGY(ZAsLA)
ERE=ENERGY(ZEsLR)
WA=YIELTI(ZAsLA)
WE=YIELD(ZE, LK)
RAKEKA=ERETA(ZA,LA)
i RENEXKA=RETA(ZHE,LE)
FA=1./(1.+RAKRKA)
FE=1./(1.,+RBKEKA)

P N T

3 ATUA=ATOMWT (ZA)

e ATWR=ATOMUT(ZE)

¥ AN=6, 023523

g c

c

E c REAl IN ACCELERATING VOLTAGE

Z c

% c

I WRITE(7,1%5)

A 15 FORMAT($,10Xs ENTER ACCELERATING VOLTAGE IN KEV *)

READ(S,16) EO
14 FORMAT(1F7.0)

&
J 18  FORMAT(1F7.0)
£ c
4 ¢
- c CHOOSE TYFE OF CALCULATION
c
c
3 179 WRITE(7,182)
2 182 FORMAT(10X,’INDICATE TYFE OF CALCULATION’,/»
¢ 12X, COMFOSITION FROM MEASURED K(L)~ALFHA RATIOS’,
g 1’= COMFOSITION’ 4/,
5 1$,2X7 ‘K(L)~ALFHA INTENSITY RATIO FROM COMFOSITION,
d
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1/= INTENSITY )
REAL(S,121) RES
IF(RES.EQ.COMF) GO TO 184
IF(RES.EQ.CINT) GO 70 22
GO TO 179

READ IN NECESSARY FARAMETERS INORDERATO CALCULATE
INTENSITY AS A FUNCTION OF THICKNESS

WRITE(7:20) AsE .
FORMAT($,10Xs "ENTER COMFOSITION ‘s1A2,’y’,1A2,
17 IN FRACT. WEIGHY % )

REAN(S,21) CA.CR

FORMAT(2F7.0)

IF((CA+CR).LE.0.99) GO TO 22
IF((CAICEK).CE.1.01) GO TO 22

ZAVU=ZAXCA +ZEXCE

WRITE(7,31)

FORMAT (10X, "ENTER VALUE OF ALLQY LENSITY’s/»
1$+18XyIF UNKNOWN ENTER DENSITY AS 0. 7)
READ(S,18) IEN )

IF (DEN.EQ.O.) FFLAG=1.

IF(FFLAG.EQ,1.) GO TO 184

EC=AMIN1(ECA-ECK)

CALL BKSCTR(ZAVsEOQsECsRO:RE)

WRITE(7+30) ‘ :
-FORMAT(10X» ENTER ANGLES OF ELECTRON INCIDEMCE (WRT NORMAL)’s/»
1$:10Xy “AND X~RAY TAKE-OFF (WRT SURFACE) )

READ (5,211) ETH»TH

FORMAT(2F7.0)

CALCULATE AFFROXIMATE VALUES OF ELECTRON ATT. COEFF ()
AND' ELECTRON RANGE (ZR) EBASED ON REST FIT EQUATIONS FKOHM
LOWER VOLTAGE ['ATA

2.39E05/(EO*X1, 5~ (AMINICECAYECR) ) %%1,5)

S=
ZR=,144X%ATOMWUT (ZAV) XEO% %2, / (DENXZAVX2 . %ALUG(101 . XED/ZAV) )
ZS=4,6E04/ (SXLEN)

S=S%ZR¥1.E-04

WRITE(7523) AsALINIL(LA) »AsAsALNIN(LA) »K N
FORMAT (10Xs» "ENTER MASSAE COEFF. OF ‘51A25'-’sA2:’ IN ‘»1A2,
1’ AND “»1A2:,'-'5A25° IN ’s1A2)
REAL(S524) UAASUAR
FORMAT(2F7.0)
WRITE(7+23)EsALNID(LE) sAs By ALNIDC(LE) » K
REAL(Ss24) UEA,UER

AL ot b o P
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C
c CALCULASTE MASS AKS COEFF. OF RINARY ALLOY
¢ AESA=UAAXCA + UAKXCR
ABSE=URAXCA + UREXCE
C '
c .
c CALCULATE DETECTOR EFFICIENCY FOR K ALFHA LINES IN QUESTION
c L.E. CALCULATE ABRSORFTION EFFECTS OF REyAUsSI
c ALSO SCALE AKSA % ABSK IN UNITS OF ZR
c . ’
c

c
c
c
c
c

184 CALL HASSAR(EKAsAAES)

CALL MASSAR(EKEsKALS)

LEFF=EXF (AARS-FAES)

IF(FFLAG.EQ.1) GO TO 185

AESA=ARSAYXZRX1,E~04

ARSE=AERSEXZRX1,E-04 )

IF(RES.EQ.COMF) GO TO 185

WRITE(7,40) ZR
40 FORMAT(SX, *BETHE ELECTRON RANGE (ZR) = <,1F7.3,

1/ MICRONS‘) :

WRITE(75400) 2Z8& ‘
300 FORMAT(SXy 'DEFTH OF FENETRATION (Z8) = ‘31F7.3," MICROCNS )
185 WRITE(7,41) DEFF
41 FORMAT(/510Xs* DETECTOR EFF. FACTOR= ‘s1F7.4,//)

WRITE(7,13)

WRITE(7514) AsZAsALNID(LAY yERASECASWAFA-ATWA

WRITE(7+14) BsZE;ALNID(LE) s ENRsECKs Wy FRs» ATWE

13 FORMAT(/y ¢ ELEMENT Z LIMNE ENERGY EDGE YIELD “y
1/A/SHELL AT WT. )

14 FURHQT(4X:192;3X11F3.012X71é2:2Xr1F7.371Xy1F7.3;2X71F6.4p2X11F§.4:
12X+1F7.2)

IF(RES.EQ.COMF) GO TO 186
IF(FFLAG.EQ.1.) GO TO 175

104 WRITE(7,100) .

100 FORMAT(/»’ TABULATE AS A FUNCTION OF Z/ZR? YES-NO-EXIT‘)
REA[(S,;121) ANS

i21 FORMAT(1A1)

. IF(ANS.EQ.YN) FLAG=1,

IF (ANS.EQ.EX) GO TO 1
IF(ANS.EQ.YY) GO TO 103
WRITE(7,101) '

101 FORMAT(/,‘ ENTER THICKNESS IN ANGSTRGMS’)
READ (S,18) THICK

SCALE THICKNESS TO zR
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Z=THICKX1.E-04/ZR

CONTINUE

IF(FFLAG.EQ.1.) UWRITE(Z7,112)

WRITE(7510) )

IF(FFLAG.EQ.1) GO TO 102 .
FORMAT /723K s " Z7ZR? #2Xy *ULZ) * 1 SXy "QLZ) " 96Xy *GENCZ) * 54X s
17ABGEN(Z) " y3Xs " INT(GEN) ' y3Xy "INT(AKGEN) ER’)
IF(FLAG.EQ.1.) GO TO 102

CALCULATE INTENSITY EY NUMERICAL INTEGRATION OF AFFROFRIATE
EQUATIONS

ng 25 I=i1,5

0o 25 J=2,10,2

Z=0,00001%J%10 ., k% (X~1,)

T=Z%ZR%1.,E-04

IF(T.EQ.0) FFLAG=1.

CALL PARQM(EO!ECQ!LA;ZR!RO!RBxANyDEN!UApFA!SréﬁSAyTH!CA!ATUA!FTH)
IF (Z.GE.0.999) Z=0.999

IF(FFLAG.EQ.1.) Z=0.00
UA=EDOX{(1.-Z)%%0.5667/ECA
GA=CROSS(1,5Z,EQ,ECAsLA)

IF(FFLAG.EQ.1.) GO TO 176

XA=GEN(T)

AX=ABGEN(T)

IF(AX.LE«1.E-30) AX=1.E-30

IF(XA.LE.1.E-30) XA=1.E-30

ERI=GEN(T)I¥®TX.01

ER2=ABGEN(T)%TX.01

CALL QATR(Q.sT+ER1,10005GENGFA,1ERL»AUX)
CALL QATR(0.rTsER2,10005ARGENAGFA,IER2,AUX)

CALL PARAH(EO!ECB:LBsZR;RO:RB:AN:DENyUBrFBrSyﬁBSBrTHsCBrATUﬁ;BTH)
UB=EQX(1.~-Z)%%0.647/ECR

QE=CROSS(1.sZyEQsECEsLE)

IF(FFLAG.EQ.1,) GO TO 177
XE=GEN(T) : )

BX=ARGEN(T)

ERI=GEN(TIXTX.01 .

ER2=ARGEN(T)%T%.01

IF(XE.LE.1,E-30) XE=1.E-30

IF(EX.LE.1.E-30) EX=1,E-30

CALL QATR(0.sTsER151000:GENsGFEyIER3,AUX)
CALL QATR(O.»T,ER2,1000sAEGENsAGFE s IERA s AUX)
GO 70 178

SETUF CALCULATION OF INTENSITY IN THE THIN
FILM AFFROXIMATION I.E. WHEN DENSITY HAS FEEN ENTERED
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AS UNKNOWN,

177  AX=0,

202

203
169

180

300

[
(4]

"IF (FLAG.EQ.1.) GO TO 104

GFA=0,

AGFA=0,

ItR1=0,

IER2=0,

BX=0.

GFE=0,

‘CGFE‘=Oo

IER3=0.,

IER4=0,
XA=QAXANKWAXFAXCA/ATUA
XE=QARXANXWERXFEXCE/ATWR

WRITE(7,2) ZyUAsOArXArAX!GFA!AGFA!IERI!IERQ
WRITE(7,200) UByQB!XBrBXrGFB;AGFB:IER3:IER4
FQRMAT(/71F7'5y1Xr1F6'2:5(2X51PE9.3)71X9211)
FORMAT(BX:IFé.E,S(ZX:1FE9.3)rerQIl)

Ri= XA/XER

IF(FFILAG.EQ.1) GO TO 149

IF(EX.LE,1.,E-30) GO TO 201

GO 70 202

R11=9,999E30

GO 7O 203

Ri1=AX/EX

R2=GFA/GFR

R3= AGFA/AGFR

GO TO 180

RI?-‘-‘O.

R1i1=0,

R3=0, .

WRITE(7,3) AsEBsR1,R11+R2,R3

FORMAT(/»* GENERATED RATIO ‘»1A2,7/%,1A2,%="
FORMAT(’ LETECTED
Ri=R1XLEFF
R11=R11%LEFF
R2=R2%LEFF
R3=R3IXDEFF
WRITE(7,300) ArRsR1YR117R2,R3
FORHAT(18X74(1X11PE9»2)r//)
IF(T.EQ.0) FFLAG=0,,
IF(T.EQ'O) GO TO 104
IF(FFLAG.EQ.1,) GO TO 1

12X24(2X1FED.2))
RATIO '11A27’/'71A27'='72X74(2X71PE9o2))

CONTINUE
GO 70 1

292
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KEGIN CALCULATION OF COMFOSITION FROM INTENSITY MEASUREMENTS
NOTE: THIS ASSUMES THAT AlLLL AKSORFTION EFFECTS IN THE

SAMFLE CAN EE IGNORED AND MUST ONLY CALCGIN ATE

EFFECTS UF UVERUVOLTAGE -

186 WRITE(7,187) AsR
187 FORMAT(/»5Xs "ENTER MEASURED K(L)~ALFHA INTENSITY RATIO OF 7,
1142,7/7,1A2)
READ! (5518) RAT
RAT=RAT/DEFF
WRITE(?7,188) RAT

188 FORMAT(/5 ¢ GENERATED K(L)~ALFHA RATIO (DETECTOR CORRECTION)= ‘.,
11F%9.4)

Al=1./RAT
EI=1.,
UA=EQ/ECA
QA=CROSS(1.,0.+E0-ECAsLA)
XA=QAXWAXFAXAI/ATWA
XA=1,./XA
UB=ED/ECR
QE=CROSS(1,50,sEDyECEsLR)
XB=QBXWEXFRXKI/ATWE
"XB=1./XE
CRATWT=XA/XR
CRUT=100./{1,4CRATUT)"
CAWT=CRUTHCRATWT
CAA=CAUT/ATUA
CEA=CRUWT/ATWER
CAAT=100.%CAA/ (CAN+CEA)
CEAT=100.%CHA/ (CAA+CEA)
CRATAT=CAAT/CERAT
WRITE(7,112)
WRITE(7+191)
WRITE(75189)AsUAQAsCAWTCAAT
WRITE(7,189)H,UE+QEsCEWT s CEAT
WRITE(75190) A>E:CRATWT+AsE,CRATAT ’
191 FORHAT(//!SX:'ELENENT'!7X!'U(O)'i?Xr'Q(O)’y9X1'UT Z'y7Xs ‘AT Z*)
189 FORNQT(BX:1G2;5X91F9.373X!1PE9.372X:0PF9.312X51F9o3)
190 FDRHAT(/,1i8X, COMFASITION RATIO ‘21AR, /72 1A2, 7 WTX= ‘,1F9.44/,
118X, "COMPOSITION RATIC “»1A2s°/’y1A2y" ATZ= ‘41F9.4) .
G0 T0 1
9999 STOF
END
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APPENDIX E
Computer Program NMCS

This appendix documents the computer program NMCS which is used
tfor data analysis of spectra recorded in a multichannel scaler. Thus
the program can be used for simple analfsis and/or display of TSED, ELS,
and EDS data. Comment lines are appropriately dispersed within the text;
the program is set up to respond to a simple command structure which
includes the follewing instructions: graph, data, integrate, window,
smooth, exit, and Ffunction. The graph command allows the
replotting of the data at scale factors other than calculated by the
graphics library, while the data and iﬁtegrate instructions provide a
means of reading data poiﬁts or integrals from specific regions of the
spectrum. Window allows regions of the spectrum to be expanded to fill
the screen, and smooth performs a five-point smoothing of the data. The
funetion insfruction allows the data arrays to be operated on by the
following functions: exp(Y), 2n(Y), and YPOWER along both axes if desired.
This is particularly useful in the case of ELS data which when graphed.
on a iog-log plot yields a linear background dependence and can thus be

analyzed using the integrate command.
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c
: C MCS DATA ANALYSIS FROGRAM
] 3 c
& C THIS FROGRAM GRAFHS DATA ORTAINED FROM THE MCA WHEN USED
. € IN THE MULTICHANNEL SCALING MODC.
3 . C IT IS SETUF FOR LOOKING AT T.S.E.I's DATA IN FARTICULIAR
: - L BUI UAN ALSU HE USEL TO DISFLAY X-RAY DATA SINCE THE DATA
g C FORMAT 1S CORRECT.
2 c
e COMMON ITAFE(72) s INAME(72),SX(2),SY(2)
bX COMMON AX (10203 sAY(1020) s BX(1020) sRY(1020) : NMODE s IRFLT »XHs YMs FLAG
5 1+ NNFT
: . COMMON /CRTLST/ XMIN:DXsYMINsDYOFFXsOFFY XLy YL
) o LIMENSION ILX(4),ILY(&)
‘ : DATA ILX/’CH’»’AN‘s‘NE’»’L ‘s ‘NO’s’. */ _
- ’ DATA ILYZ’C’5 0%+ U’ s'N’s°T"5°S°/
: s : DATA GsUsWsRySyDINTsVESSNGIE/Z G’ s "B’y ‘W’ s "R*+*S’ 3’17 3'Y’ 3 *N*+’E*/
' > DATA FUNCTsCALsILNsFURsHORSVER/F/ s 'C’ s 'L’ s 'F’ s H’ s’V /
: 5 CALL ERASE : :
‘ : 9991 WRITE(Zs1)
3 1 FORMAT CLEX s 7 S50k ok R AR AR AR AR RN IR KKKk 7 5/
L 118Xy ‘% HCS DATA ANALYSIS FROGRAM %’,/»
50 - - 118X, % 7707070000~-NJZ X9/
& 118X HRAKKKNOCKKKANHIKAK A RSRA KRR 5 / /S 3
P 3 125Xy 'ENTER DATA FILE (FULIFILE.DATY ')
% CALL ASSIGN(10s LUMMY’s~és’0LD’ s "NC’s1)
- c
k4 c READ IN RAW DATA AND GRAFH
j c
4 CALL TUFNIS
b URITE(7,9592) .
b 9992 FORMAT($,‘ HAS VERTICAL INFUT XEEN RECORDEI USING LOG (EASE 10): /,
[ . 1'AMFLIFIER? Y-N *)
Y REALI(7,13) RES

IF(RES.NE.YES) GO TO 9993
[0 9994 I=1sNNFT
BY(I)=10.%%(BY{(X))
9994 CONTINUE
9993 HFLAG=0.
VUFLLAG=0.,
9?29 CALi. CRTFLY(150..2

i

SO0+ s EXsRY s NNFT s NMOLE s IRFLT » XMs YMs BEXs BY sNNFT»

1ILX,125ILY24)
WFLAG=0.
11 CALL FLOT(0.r180.,0)

; IRFLT=0
z YM=1,
! ¢
3 c SETUF COMMANI! STRUCTURE
% c
:
%
¢
3
©
L
kS
i
;
X ’
2N
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WURITE(?,12)

FORMAT ($, 7 COHHAND:GRAPH;DATA:INTEGRATErUINDOMyRESETrSHOOTHsEXIT

1,FUNCTION )
READ(5,13) RES

FORMAT (1A1)
IF(RES.EQ.W) GO Tn 30
IF (FLAG.EQ.0) IL=1 ..
IF(FLAG.EQ.0) IU=NNFT
NFT=0

o 17 I=IL,IU
J=I-TL+1

AX(JI=EX(T)
AY(J)=RY(I)

NFT=NFT+1

CONTINUE

GO TO COMMAND SURSECTION

IF (RES.ER.G) GO TO 14

IF (RES.EQ.I) GO TO 15
IF(RES.EQ.R) FLAG=0.
IF(RES.EQ.R)> GO TD 999

IF (RES.EQ.S) GO TO 40

IF (RES.EQ.W) GO TO 33

IF (RES.EQ.DINT) GO TO 100
IF(RES.EQ.FUNCT) GO TO 9990
IF(RES,EQ.E) GO TO 9999

GO TO 11

-WINDOW RESET COMMAND :
USE CROSSHAIR TO SET WINDOW LIMITS

WFLAG=1,

CALL FLOT(0.,150.,0)
WRITE(7:»31)

FORMAT (2X,*SET WINLOW LIMITS’)
CALL CRSSHR(X1,Y1)

CALL CRSSHR(X2.Y2)

CALL TRANXY(X15Y150X1,0Y1)
CALL TRANXY{(X2,Y2,0X2,0Y2)
DX3=EX(1)

IIX4=EX(1020)
IF(HFLAG.EQ.1,) GO TO 231
IF(HFLAG.EQ.2,) GO TO 232
IF(HFLAG.EQ.3,) GO TO 233
GO TO 234

LX1=ALOG(DX1)
DX2=ALOG(DX2)
bX3=ALOG(IIX3)

297
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IX4=ALOG ([1X4)

GO TO 234

DXi=EXF (IX1)

DX2=EXF (DX2)
DX3=EXF(UX3)

IIX4=EXF ([1X4)

GO TG 234
RUF=1,/FOWER

X1 =DX1*XRKWF
DX2=DX2KKRUF
DX3=DX 3k ARWE
LX4=DXA%KRUWF g
SLF=(DX4~DX3) /1019,
IL=INT C(DX1-DIX3) /SLF)
TU=INT ((OX2-DX3) /SLE)
FLAG=1,

GO 7O 18

DATA FOINT COMMAND
READ DIATA FROM GRAFH USING CROSSHAIR ROUTINIES
NOTE MUST HAVE FREVIOUSLY SET & WINDOW TO RUN

IF(WFLAG,EQR.0Y GO 19 11

URITE(7,151) . B
FORMAT (s5 ¢ ENTER NUMEER OF DATA FGINTS(<=6) *)
READ (351%2) NIF i

FORMAT(I1) :
CALL CRTFLT(150.,250, yAX+AY yNET < NHODE + 0 XM+ YLAST s AX» AY s NF T
1ILX,12,1LY)

CALL FLOT(0.5158.,0)

10 154 J=1,NDF

ChLL CRSSHER(X,Y)

YR=158,-J%22,

CALL FLOT(O0.sYH:0)

CALL TRANXY(X>YsXFT,YFT)

XP=XFT

YP=YFT .

IF(HFLAG.EQ.1) XFT=ALOG(XFT)
IF(UFLAG.ER. 1) YPT=ALOG(YFET)

IF(HFLAG.EQ.2) XFT=EXF(XFT) n
IFCUFLAG.EQ,2) YFT=EXFE(YFT)

IF(HFLAG.EQ.3) XFT=XFTX%(1,/FOWER)
IF(VFLAG.EQ.3) YFT=YFTx%(1./FOWER)
IX=(XFY-DX3)/SLF

IF(HFLAG.EQ.0) XFT=RX(IX)

IFCUFLAG.ER.O) YFT=KY(IX)
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WRITE VALUES OF CROSSHAIR INTERSECTION FOINT
AND NEAREST I'ATA ARKRAY VALUE

WRITE(12,155) XFT:YFTsXFsYF

WRITE(7,155) XFVsYFPTsXFsYF
FORMAT(1Xr %’ p4(1F12.351X)r ' %’)

CONTINUE

YH=158.-(NIIF+1) %22,

CALL FLOT(0.sYHs0)

G0 TO 11

SHOOTH COMMAND
FERFORM G FOINT DATA GMOOTHING OF ENTIRE ARRAY
~

CALL SMOOTH(EYNNFTyAY)
CALL SMOGTH(AYsNNFT,EY)
Lo 41 I=IL,IU

J=I-IL+1

AY (D =0Y(I)

CONTINUE

NHODE=1

IRFLT=1

YH=YLAST

GO TO 33

INTEGRATE COMMAND

FERFORMS A SUMMATION OF & TCOUNTS ABOVE BRACKGROUND
SELECTED AREA

CALL CRTFLT (150.,250.sAX-AYsNFT»0s0s XMy YLASTrAXsAY s NFTy

1ILXs12:sILY96)

CALL FLOT(0.5,155,50)

WRITE(75101)

FORMAT ($,* SET LOWER & UFFER BGRND FTS.’)
CALL CRSSHR(XLLsYLL) |

CALL CRSSHR(XU-YU)

CALL TRANXY(XLLsYLLsXLL,YLL)

CALL TRANXY(XUsYUsXU,YU)

CALCULATE SLOFE &'INTERCEPT arF
STRAIGHT LINE THRODUGH THESE FOINTS

SL=(YU-YLL)/ (XU-XLL)
B=YLL-SL¥XLL :
YHAX=YL/DX +YMIN
SX(1)=XLL

EX(2)=Xu

IN

299
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SY(1)=YLL
SY(2)=YU
CALL CRTPLT(ISO.:QSO.rSXrSY:Q;l91!XH1YLAST!AX:AY7NPT:
1ILX,12,3LY,4)
CALL FLOT(O0,:111,,0)
URITE(?:102)
102 FORMAT($,’ IS THIS CORRECT? YES,NO )

%» READ (S,13) IRES
e IF (IRES.EG.NO) GQ TO 100
£ IFCHFLAG.NE.0) GO TO 103
B LL=INT(XLL)=IL
B LU=INT(XU)--IL
& IMAX1=~100,
DMIN=1,£15 _
NS=LU-LL
[0 103 J=1,NS
I=LL+J-1

AY(I)=AY(I)~SL¥AX(I)-K
IMAX=AMAX1 (IMAXL1 vy AY (1))
DHIN=AMINL (DMIN,AY(I)) : '
IF(DMAX.GT . IIMAX1) DIMAX1=DIMAX
IFCAYCI) JEQ.DMAXL) IFLAG=Y

103 CONTINUE

‘ CALL FLOT(S12.,111,,0)
WRITE(7,202) :

¥ 202 FORMAT($,* INTEGRATE FUHM? Y-N )

¢ ' READl (7,13) RES

;. IF (RES.NE.YES) GO TO 203

‘ IF(HFLAG.NE.0) GO TO 203

FIND CHANNEL CONTAINING MAXH COUNTS, FWHM s CENTROI »
SUM QVER FWHH COUNTS AHOVE 5G,
AND % COUNTS IN BG

oo0o0

HALF=IMAX1/2,
IIFLAG=LL+IFLAG-1
0 104 J=1,IFLAG
I=LL+J-1 ’
IF(AY(I).GE.HALF) GO T0 105
104 CONTINUE
105 LiLu=y
I'0 106 J=IFLAG,NS

I=Lt+J-1
106 IF(AY(I).LE,HALF) GO TO 107
107 LuL=y '
LLI=LLU+LL
LLJ=LLTI-1
SI=AY(LLIY-AY(LLY)
B1=AY(LLI)-S1XAX(LLT)
LLI=LUL+LL
5 LLu=LLI-1
ki
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SQ=AY(LLI)—AY(LLJ)
B2=AY(LLI)—SQ*AX(LLI)
XLL=(HALF—BI)/SI :
XU=(HALF—82)/52
FUHM=XU-XLL
CNTR=XLL+FUHN/2.
BG=00
RUH‘—OH
LLX=LUL~1
Do 108 Jo=LLU,LLX )
J=JdJ+LL-% ) -
GE=SL*AX(J)+R
F=aY(J)+GKr
IF(UFLAG‘EQ.I) F=ALOG(F)
IF(UFLﬂG.EQ.Z) F=EXF(F)
IF(UFLAG.EG.3) F=FXx%(1./FOUER)
IF(UFLGG.EQ-I) GR=ALOG(GK)
IF(UFLAG.EQ.Z) GR=EXF(GR)
IF(VFLAG‘EO.3) GB=GB**(1./POUER)
SUM=SUM+F-GE
BG=EKG+GR
108 CONTINUE
GO 70 204
203 CaLL PLOT(SIE-!IBO.!O)
WRITE(7;205[
205 FORMAT(* SET LOW LIMIT)
’ CALL "CRSSHR(XL,YL)
CALL TRANXY(XL:YL!XFWYF‘)
IF(HFLAG.EQ'l) XF=ALOG(XF)
IF(HFLAG'EG-Q) XF=EXF(XP)
IF(HFLAG.EQ.3) XF'=XF‘X\’X<(1./'F'OUER)
ILCH=(XP—DX3)/SLF
, CALIL. PLOT(SIQo:lSSorO)
WRITE(7,208)

206 FORMAT(S, * ENTER W
REAL(7,810) WINTH
IUCH=ILCH+UIDTH
SXC1)=RX¢CILCH)
SX(2)=BX(ILCH)
SY(1)=IMIN
SY(2)=BY(ILCH)*20
CaLL CRTPLT(!SO.1250o:SX!SY:Q;I:IrXNrYLAST!AXIAY!NPT:ILX!IQ
SX(1)=BX(IUCH)

SX(2)=BX(IUCH)
CALL CRTPLT(JSO.!QSO.;SX;SY:E

IDTH (&£ cHN) 7)

y1717XNrYLASTvAXrAYrNPT'ILX’12

CALL PLOT(512.713O.;O)
WRITE(7,102)

REALI(7,13} IRES
IF(IRES.EQ.ND) GO TO 203
SuUM=0,

EG=0,

rILY48)

+ILY,6)
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CNTR=BX(ILCH)+(BX(IUCH)—BX(ILCH))/2.
FUHM=WILTH o
DMAX1=0,

JIFLAG=ILCH

Lo 209 Ju=ILCH,IUCH

F‘={(Y(.I._l)

IF(VFLAG.EQ.1) F=ALLOG(F)
IF(UFLAG.ER.2) F=EXF(F)
IF(VUFLAG.EQ,3) F=FXX(1,/FOUER)
GE=SLXEX(JJ)+R

IF(VFLAG.EG.1) GE=ALOG(GEK)
IF(UFLAG.EQ.2) GE=EXI(GEK)
IF(VFLAG.EQ. 3) GE=GR**(1,/FOWER)
EG=KG+GH

SUM=SUM+F~-GR

209 CONTINUE
204  ERS=SQRT(SUM)

aon

109

coo0co0

o

66

ERE=SARY (KG)
SE=CUM/KG -7
ERSE=SEXSQRT(1./5UM +1./EG)

WRITE RESULT 2 AFFROXIMATE ERROR =SQRTCHCOUNTSIZTRUE ERRORK
CALL PLOT(O.!III.!O)

WRITE(12,109) AX(IIFLAG)yDMﬁleCNTR;FwHHySUH;
WRITE(75109) AX(IIFLAG):DHAXI,CNTRsFMHMpSUH’BGySBsERSyERBsERSB )

FGRHAT(lX;?l(‘*’)y/;lX;’*'y3X;’MAX’r4X:’CNTS’;?X;’CNTR’
lySXs'FwHM’;SX;’PEAN’;éXy’BGRND’y?X;’P/BG’,4X;'*’y/
1;1X;'*';lFé.1y1X:1FE10.3:1XyOPFS.3y1XrlF8.3i1X,

13(1PE10.3s1X)r’*'s/le;’*’r36Xy3(lPE10.371X)7'*’r/rlX;?l(’*'))
GO TO 11

BGsSR+ERS+EREsERSE

DRAW MODIFIED GRAFH

CONTINUE

CalLlL FLOT(0,,155,.0)

WRITE(?7,4) )
FORMAT (s, 7 ENTER SUFERIHPOSE(Y—N)l'
1’ MAGNIFICATION (Y-AXIS): 7)
READ(S5,46) RES,YH

IF(YM.EQ, Q) YM=1,
FORHAT(1A111X71F7.O)

IF(RES.EQ.NO) IRFLT=0

IF (RES.EQ.YES) IRFLT=1

CALL CRTPLT(lSO.rQSO.’AXyAY!NPTrNHUDErIRFLT:XH!YN!AX;AY!NPT:
TILXs125,ILY,6)

YLAST=YM

NMODE=0

’
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GO 70 11

FUNCTION COMMAND

[z NeNeNeNo¥y]

2990 caLL FLOT(0.+155, .0)

WRITE(7.800) .

. 800 FORMAT (351X, "ENTER FUNCTION:CALIR-X AXISEXF LN FOWER ‘)
READ(7,13) RES
IF(RES.EQ.CAL) GO TO0 805
CalL, FILOTCE50.9155, ,0)
WRITE(7,801)

801 'FORHAT(ﬁsIX:’ENTER NXIST HORIZ, sVERT, 7)
HF=HFLAG
VF=VUFLAG
READI(7,13) aARES
IF(KRES.EQ.E) GO TO 802
IF(RES.EQ.LLN) GO T0 803

* IF(RES.EQ.FWR) GO TO 804 .

& o GO TO 11

¢ y '
& c CALCULATE EXF OF AXIS NOTE: IF FREVIOUS WAS LN THEN INVERT ASSUMEDR
o c

5

: 802 IF(ARES.EQ.HOR) HFLAG=1,

; IFC(ARES . EQ.VER) VUFLAG=1,

4 IF(HF L EQ.2,) HFLAG=0.

b3 IF(VF.EQ.2.5 VFLAG=0.

% U6 807 1=1,1020

P IF(ARES,EQ.HOR) EXCI)=EXF(EX(I))

g 807  IF(ARES.EQ,VER) BYCI)=EXF(EY (L))

g GO TO 814

c .
c CALCULATE LN gF AXIS NOTE: IF FREVIOUS wAS EXF THERN INVERT ASSUMED
803 IF(ARES.EQ,HOR) HFLAG=2,

IF(ARES.EQ. VER) YFLAG=2,

IF(HF.EQ.1.) HFLAG=0,

IF(VUF.EQ.1,) VFLAG=0,

IC 08 1=1,1020

IF(ARES.EQ.HOR) BX(I)=Al.0G(RX(I))

808 IF(ARES,.EQ.VER) BY(I)=ALOG(EY(I))
GO TO 814

c CALCULATE FUR OF AXIS NOTE:IF FREVIOUS WAS FUR THEN INVERT ASSUMED
c

804 IF(ARES.EQ,HOR) HFLAG=3,
IFCARES.EQ.VER) VFLAG=3,
IF(HF.EG.3.) HFLAG=0,
IFCVF.EQ.3,) VFLAG=0,




809

810

811

813

814
816

WRITE(Z,809)

FORMAT($+1X» 'ENTER FOWER 7))
REALI(7,810) FGUWER

FORMAT(1F10.0)
0o R T=1.1020

IF(ARES.EQ.HOR) EX(I)=EX(I)XXFOWER
IF(ARES.EQ.VER) EBY(I)=RY(I)XXFOWER
G0 T0 816

CALIBRATE X AXIS! NOTE IF NON-LINEAR CANNOT CALIERATE

IF(HFLAG.GT.0.) GO TO 11
CALL FLOT(0.s30,,0)
WRITE(7,812)

FORMAT(1X,’SELECT CALIER. FT.”%)
CaALlL. CRSSHR(CX1sCY1)

CALL TRANXY(CX1:CY1:CCX1,CCY1)
CALL FLOT(2%36.550.,0)
WRITE(7,813)
FORMAT($»1Xs "ENTER VALUE: )
READI(7:810) XVAL1L
CALL FLOT(0.,25.50)
WRITE(Z7,812)
CALL CRSSHR(CX2,CY2)
CALL TRANXY(CX2,CY2,CCX2,CCY2)
CALL FLOT(258.525.50).
WRITE(7,813)
REALI(7+810) XVAL2
DRX=(XVAL2-XVAL1) /(CCX2-CCX1)
ROX=XVAL1--DIECCXE
0 814 I=1-1020
EX(I)=RX(I)¥IDX +ROX

0o 815 I=ILsIU

=I-JL+1

AX(JI=EX(TI)
AY(J)=RY(I)
IRFLT=0

GG T0 33

CALL ERASE
STOF
END
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SUERGUTINE TUFNIS

THIS SUBROUTINE REALS I
THE FILE IEFINED I

COMMON ITAPE(?Q)rINAME(7?)rSX(2)rST(2) .
rNMMoN ﬁX(iOZO)7AY(1020):BX(1020)rBY(lOQO)vNHODErIR

1sNNPT

READ (10,2) ITAFE
READ (10,2) INAME
READ (10,2) Bl,GV
FORMAT (72A1)
FURMAT(?F?.O)
NMODE=0

IRFLT=0

XM=1,

YM=1,

FLAG=0
WRITE(7,20) ITAFE
WRITE(7,20) INAME
FORMAT(IX??ZAI)
L0 4 I=1,102
K=I%10~-9

KK=K+9

READ (10/5,END=4) (BY(N) yN=K:KK)
FORMAT(IO(JFé.OrIX))

L0 4 N=K,KK
EX(N)=N

CONT INUE
NNFT=KK

" CALL CLOSE(10)
WRITE(7,900)

FORMAT (1X,//,25X, “ENTER OUTFUT
CALL ASSIGN (12, ‘pumMMY”,-g,

URITE(IQ;?O)-ITAPE
WRITE(12,20) INAME
WRITE(12,20) EDsGY
RETURN

END

SUBROUTINE SMOOTH (XA*NFT,SXA)

THIS SUBRGUTINE LOES A E
ARRAY XA , ThE RESULT IS

ARRAY SAX ., THE SHOQTHING IS USING

N THE INFUT DATA From

N MAIN AND DEFINES THE QUTFUT FILE

FILE (FIni:ouTr
NEW yNC,1)

FOINT SMOOTH
THE STOKED

ING OF THE

R

RBias n bns 8 it Sl g 7y
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NOTE CALLING SMMOTH TWICE IS EQUIVALENT TO A
S FOINT SHMOTHING

DIMENSION XA(1),SXA(1)
IU=NFT=2

[0 1 I=3.1y
SXA(T)=0.5$XA(I)+O.25KXA(I—1)+0.25*XA(I+1)
CONTINUE :
RETURN

END
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APPENDIX F

Computer Program MCA

This appendix documents the macro-program MCA which is used to

read data from the ORTEC multichannel analyzer and which stores the data

.. into a specified file on a floppy disc. The prégram was developed by

Peggy Mochel and John Woodhouse of'the Materials Research Laboratory

in conjunction with these research and is included for completeness.




© e lbe e b GG

b

l?
Fag

33
AL

DA

A3

e

LU EN

PIRES e aT

P AvELL
E AR

ATy

S

o

T

S
- RPAT

i

3

o5

=

5

N

A

B

¥

Vi

.TITLE MCA A
+MCALL  ,REGDEF,..y2,..
+REGLEF :
CCV:'-,O'

JMCALL

.FRINT;.URITUy.CLOSE;.CSIGEN;.FXTTp

+GLOEL Mra
LRESR=167770

WRUF=167772
CARDI1=20

FLAG=20000

HASK=200

E0S=203

ELANK=40

LE=12

CR=15

Moy #ORCSR,R3

Hov #15COUNT

Hov £0sCNT

MOV . #0sELOCK

CLR (R3)+ . ' $ZERO DRCSR

MOV $CARDL, (R3)+  $SET CARD NOsKEAD SR
BIT EFILAGy (R3) FCARL THERE?

ENE HALT

TSTE  ~4(R3)

EFL HALY FRIT 7 HI EIN READY
MOV #100,-(SF) #NORMAL LEVELS

MOV £07-(SF) i 1/0

MOV #100s=-(SF) FNORMAL

Mov £1045~(SF) $STOF

MOV £1.00,~(SF)

TSTE  GLORCSR © FLOOK AT WEUF

EFL WRIT »

Hov #50000, TIME fADJUST RESFONSE TIME DELAY
Moy 2, @¢DRCSR FLOOK AT WBUF

MOV (SF )+ PEUEUF FLOAD WRUF

MOy 0y @EIRCSR sLOOK AT CR

MOV #£100022,E4#WEUF  SWRITE TO EEX CARD 22
INC CNT FCOUNT COMMANDS

CHF £55CNT F BONE?

REQ FILE

INC TIME FORTEC RESFONSE TIME
BFL LELAY

JHF WRIT

+FRINT $MSG4

*CSIGEN $DEVSFC:4DEFEXT 3CSI TO GET AND OFEN OUTFUT FILE
+WAIT 40 sCHANNEL O OFENED?

MOV $AREA SRS FEMT ARGUMENT LIST

MOV #BUFFER,R1

CLR (R1)+ +CLEAR BUFFER

CMF R1,¥BUFEND - ;DLGNE?

JUAIT, A TTTIN

Sany T WS
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SETUF:

SET2:

SET3?

HALT?
EEGIN?

WEETD:?

READ?

BTIN?

kLO
MOV
«FPRINT
+TTYIN
MOVE
CMFE
ENE
«FRINT
+TTYIN
HOVE
CMFEH
ENE
SFRINT
«TTYIN
MOVE
CMFR
ENE
JMP
+FRINT
LEXIT
MOV
MOV
RIT
ENE
MOV
INC
CMP
REQ
CMF
REQ
CMP
REQ
ER
CLR
BR
MOV
MOV
RIT
ENE
HOV
CMF
EEQ
MOV
KIC
MOVE
CMF
ELO

+WRITW R340, ¢RUFFER s #400 s RLOCK

INC
CHF
EEQ

o LT R e ek e S SRR

oo SRR R R e ot LR L LA

RUFCLR sLOOF IF NOT
LHUFFERYR1 18T BRUFFER ADNRESS
E€MSG4 ’

sGET TTY INFUT
ROy (R1D+ sFUT IT IN RUFFER
£12+R0 PUNS IT LF .
SETUP sIF NOT GET ANOTHER
tMSG7
ROy (R1)+
#12+.RO
SET2
#MSH8
ROs(R1)+
#12yR0
SET3
BEGIN
#MSG1
$20,C21467772 $REALDL RYTE
#0:,02£167770 sLLOOK AT SR
£400005C#167774 i ELSY?
BEGIN . JYES+TRY AGAIN
21,C0%167770 sNOsLOOK AT DIATA .
CNT - sLOOK FOR START OF TEXT
CNT»$50 7G0. TIMES
ERR sTHEN QUIT
$202,C#1467774 FSTART QF TEXT
WEED FREMOVE 4 ZERQS,CRysLF
CNT 35 ELId. 4 ZEROSsCRyLF
READ
REGIN *NO»TRY AGAIN
CNT *RESET CGOUNTER
HEGIN
#209C#1467772
#0sC$167770
$40000,@41467774
READ
#1,C+167770 v167774 SEES LATA
£203,R@£167774 +IS IT ENI OF TEXT
FIN *YES,CLOSE FILE

Q$167774,R2
#MASKsR2
R2+«(R1)+
R1s#EBUFEND
LINE

BLOCK
#20,ELOCK
ERR

sDATA TO R2
yMASK OFF MSE
fFUT RYTE IN BRUFFER

sBUFFER FULL

#NO,GO ON
FFUT IT ON DISC

7 INCREMENT ELQOCK

FUFFER LIMIT ON FILE SIZE

T

o ERA, ;v-,_»...:-zh;;‘,.egfm&

e TN

i .
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AT ¢

CLEAR:

LINE?

LING

ERR?
FING

REFEAY:

EXIT:
BUFFERS
BHUFEND?
DEFEXT:
ELOCKS
COUNT:
CNT?
TIMES
MSG1:

MSG2:

MOV $RUFFER,R1
CLR (Ri)>+ sCLEAR THE EUFFER
CHF R1s$BUFEND - 5 DONE
BLO CLEAR
MoV AHIFFERP R
CMP #ELANKyR2
ENE READ
INC COUNT
CMP #13sCOUNT 710 CHANELS FER LINE
ENE ILIN
MOVE #4CRy(R1) 4+ $CARRIAGE RETN
JMFP ERTIN
CHP £14sCOUNT
ENE REAL
CLR COUNT
MOVE TLF s (R1)+ FLINE FEED
JMF BTIN
+FRINT $MSG2
MOVE $CRs(R1I+
MQVER H#LFs(R1Y+
WRITW RIs#0s#BUFFER:$400,yELOCK FWRIT LAST ERLOCK
+CLOSE 40 +CLOSE QUTFUT FILE
+FRINT #MSGS
+FRINT $MSG? sCONTINUE OR EXIT
«TTYIN
MOV ROsR3 »SAVE TTY INFUT
+TTYIN SEXTRA CR
«TTYIN FEXTRA LF
CMF $460:R3 $STOF?
REQ EXIT
CMFP #61,R3 . sCONTINUE~-GO RACK TD REGINNING
ENE REFEAT
JMF MCA
SEXIT
+=:+1000
+WORDl 0,0+,0+0
+WORD O
" .WORD O
+WORD 0
WORD O . .
+ASCIZ /NO CARD IN SLOT 20 OR RIN OFF/
«EVEN
«ASCIZ /INFUT ERROR/
+EVEN
+ASCIZ /SFECIFY OUTFUT FILE, EG. FI1{LATA.DAT=/

+EVEN

«ASCIZ /bUTPUT COMFLETE,
+EVEN

+ASCIZ /ENTER TAFE IDENTIFICATION NUMEER/

R

R * I TE TSN

Sl
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MSG7:

HSG8:

MSG?:

. AREA:
LEVSFC=.,

+EVEN

+ASCIZ /ENTER SAMFLE IDENTIFICATICON NUMEER/
+EVEN . :

+ASCII /ENTER INCIDENT REAM VOLTAGEs/
<BYTE 15+12

CASCTZ  ZINITINAL YALUC OF X-RaY ENERGY/
+EVEN

+ASCIZ /STORE ANOTHER SFECTRUM?T YES=1 NO=0/
+EVEN

+ELRW 10

+END MCA

e o
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Circuit Diagram for TSED/TSEM Meaéurements
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APPENDIX G
Circuit Diagram for TSED/TSEM Measurements

The schematic diagram of Fig. 103 shows the electronic circuit
used to control tle scanning system for TSED/TSEM measurements. A
digital ramp from the ORTEC 6200 MCS, which is synchronized with the

sequential channel advance, is routed through the first stage of the

 scanning system providing a continucusly variable scan amplitude adjust-

merit, The signal is then split into a ratioed x and y signal which
effectively produces a continuously variable rotation capability. The
final stage of the circuit adds a variahle dc offset to both the x and y
scans, which is finﬁlly routed to the intermediate alignment coils on the
JSEM 20C. The net result of this system is that-scans of continuously

variable amplitude, orientation and position can be produced about any

“point for intensity measurements. Figure 104 summarizes the remaining

components of the TSED/TSEM systen,
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Nestor John Zaluzec

attended Mendel Catholic High School where he graduated
with honors in May 1969, He.wés awarded a Bachelor of Science degree
in Physics with hunors from I1linois Institute of Technology in May
1973, during which time he also attained the level of Senior Laboratory
Technician in the Analytical Research Department of the Sherwin—ﬁilliams
Research Center. 1In August of 1973 he became a research assistant in
the Department of Metallurgy at the University of Illinois and was subse-
quently awarded a JEL Fellowship in Metallurgy for 1975. During his
graduate studies he also served as a graduate teaching assistant
responsible for laboratory courses in elementary x-ray diffraction and
electron microscopy. Currently he is a Eugene P. Wigner fellow in the
Radiation Effects and Microstructural Analysis Group of the Metals and
Ceramics Division at Oak Ridge4National Laboratory. He is the coauthor

of the following publications.

"The Origin of Dislocations with b = <110> in Single Crystals of B~NiAl(
Compressed Along_<001> at Elevated Temperafures,” N. J. Zaluzec,

H. L. Fraser, Seripta Met. 8, 1049 (1974).

"On the Feasibility of Quantitative Microchemical Analysis of Thin Metal
Foils," H. L. Frazer, N. J. Zaluzec, J. B. Woodhouse, L. B. Sis,

33rd Ann. Proc. of EMSA, Las Vegas, 1975, p. 106 (ed., G. W. Bailey).
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"Examples of Microdiffraction Using the Stationary Diffraction Pattern
Technique in STEM,'" N. J. Zaluzec, H. L. Fraser, Ist Workshop on
Analytical Electron Microscopy, Cornell University, 1976, p. 217
(eds., J. Silcox, D'.Mﬂ Maher, D. C. Joy, M. S. Isaacson, |

R. Il. Geiss, H. L. Fraser).

"X-Ray Absorption Effects in Thin Metal Foils," N. J. Zaluzec, H. L. Fraser,
1st Workshop on Analytical Electron Microécopy, Cornell Universify,
1976, p. 118 (eds., J. Silcox,'D. M. Maher, D. C. Joy, M. S. Isaacson,
R. H. Geiss, H. L. Fraser).

"Microchemical Analysis of Thin Metal Foils, N. J. Zaluzec, H. L. Fraser,

34th Ann. Proc. of EMSA, Miami, 1976, p. 420 (ed., G. W. Bailey).

""A Modified Stage for X-Ray Analysis in a TEM," N. J. Zaluzec, H. L. Fraser,
J. Phys. E. 9, 1051 (1976). |
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Lomments on 'Energy Dispersive X-Ray Measurements of Thin Metal Foils',"
N. J. Zaluzec, J. B. Woodhouse, H. L. Fraser, Sceripta Met. 11, 257
(1977).

"Contamination and Absorption Effects in X-Ray Microchemical Analysis of
Thin Metal Foils," N. J. Zaluzec, H. L. Fraser, 8th Int. Conf. on
X-Ray Optics and Microanalysis, Boston, 1977, Science Press

(ed., D. Beamans, R. Ogilvie, D. Wittry).

"The Application of DSTEM to Materials Characterization at the University
of Illinois,'" Invited Presentation, N. J. Zaluzec, Annual Meeting

of MRS, Boston, 1977.
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"Optimizing Conditions for X-Ray Microchemical Analysis in Analytical

) Electron Microscopy,!' N. J. Zaluzec, 9th Int. Conf. on Electron
Microscopy. 1, 548 (1978), Toronto.

. "X-Ray Microanalysis Using an HVEM,'" N, J. Zaluzec, E. A. Kenik, J, Bentley,

énd Workshop on Analytical Electron Microscopy, Cornell University,

1978 (eds., J. Silcox, D. M. Maher, C. D. Joy, M. S. Isaacson,

R. H. Geiss, H. L. Fraser).

"Transmission Scanning Electron Diffraction and Microscopy in a TEM/STEM
Instrument," R. W. Carpenter, N. J.Zﬂuum,ZmiMﬂ%ﬁwpon
Analytical Electron Microscopy, Cornell Univeréity, 1978 (eds.,
J. Silcox, D. M. Maher, C. D. Joy, M."S. Isaacson, R. H. Geiss,

H. L. Fraser).

"On the Effects of Contamination on X-Ray Analysis," N. J. Zaluzec,
H. L. Fraser, 2nd Workshop on Analytical Electron Microscopy,
Cornell University, 1978 (eds., J. Silcox, D. M. Maher, C. D. Joy,

M. S. Isaacson, R. H. Geiss, H. L. Fraser).

"Gaussian Optics Calculations of the Parameters of a Magnetic Sector
Energy Analyzer," N. J. Zaluzec, 2nd Horkshop on Analytical
Electron Microscopy, Corneil University, 1978 (eds., J. Silcox,

D. M. Maher, C. D. Joy, M. S. Isaacson, R. H. Geiss, H. L. Fraser).



AN ANALYTICAL ELECTRON MICROSCOPE STUDY OF THE OMEGA PHASE
TRANSFORMATION IN A ZIRCONIUM-NIOBIUM ALLOY
NESTOR JOHN ZALUZEC, Ph.D.

Department of Metallurgy and Mining Engineering
University of Illinois at Urbana-Champaign, 1979

"An in-situ study of the as-quenched omega phase transformation
in Zr-15% Nb was conducted between the temperatures of 77 and 300°K
using analytical electron microscopy. The domain size of the omega
regions observed in this investigation was on fhe order of 30 R, consis-
tent with previous observations in this system. No alignment of omega
domains along <222> directions of the bcc lattice was observed and
furthermore in~situ thermal cycling experiments failed to preduce a long
period structure of alternating B and w phase regions as predicted by
one of the most recent theories of this transformation.

During this investigation, several techniques of microstructural
analysis were developed, refined, and standardized. AGrouped under the
general classification of 4nalytical Electron Microscopy (AEM) they pro-
vide the experimentalist with a unique tool for the microcharacterization
‘of solids, allowing semiquantitative to quantitative analysis of the
morphology, crystallography, elemental composition, and electroniﬁ struc-
ture of regions as small as 20 & in diameter. However, these techniques
are not by any means without complications, and it was necessary to -
study the AEM system used in this work so that instrumental artifacts
which invalidate the information produced in the microscope environment

might be eliminated. Once these ftactors had been corrected, it was



possible to obtain a wealth of information about the microvolume of
matgrial under investigation.

The microénalytical techriiques employed during this research
include: energy dispersive x-ray sﬁectroscopy (EDS) using both conven-
tional and scanning transmission electron microscoﬁy (CTEM, STEM), trans-
ﬁission scanning electron diffraction (TSED), the stationary diffraction
pattern technique, and electron energy loss spectroscopy (ELS) using a

dedicated scanning transmission electron microscope (DSTEM).



