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DETERMINATION OF THE ORDERING IN THE INTERMETALLIC -
' COMPOUND Angl BY MEANS OF X~RAYS -

Joachim P. Neumann
‘Inorganic Materials Research Division, Lawrence Radiation Laborafory
and Department of Mineral Technology, College of Engineering
University of California, Berkeley, California
January 28, 1965
ABSTRACT
In order to verify the predicted short-range ordering in the inter-

metallic hexagonal phase AgeAl, the diffuse intensity diffracted from

* single crystals of this alloy was measured in several directions in

.reciprocal space. On crystals annealed for 10 days at h53°K, the first

Cowley-Warren pair-density coefficient was found to be épproximately -0.20.

The tendency toward the formation of a two-dimensional superlattice on the .

»

basal planes is indicated, in which each aluminum atom is surrounded by six

silver atoms.

The measurements were carried out in vacuum at approximately 300°K

and 150°K, using érystal’monochromated Mo Ka-radiation. The proposed
model of the superlattice is based'on the appearance of short-range order

-peaks at 1/3 and 2/3 the distance from the (110) line.

Weak but sharp lines of the type (001), (003) can be'eﬁplaihed by an

average composition difference of 1 at.% in consecutive basal planes,’

'extending over meny layers. No explanation can yet be given for the

simultaneous existence of long-range and short-range order.

‘The c-parameter of the annealed alloy.was found to be_0.06A larger

" than the value reported for the quenched alloy, indicating a different

'atomicvarrangement in the two states.




-"INT_RODUC’I‘ION .

A few yea.rs ago Mote, Tanaka and Dorn(l) observed that the critical

‘resolved shear stress for slow prlsmatlc (1010 [1210} shp in the hexagonal

{-phase of an alloy contammg 67 atomic percent sﬂver and 33 atomic percent

 aluminum varied w1th temperature as shown in Figure 1, Over Region I the .
' y1e1d stress decreased prec1p1tously with an m‘crease in temperature,
whereas the yield stress decreased only mlldly as the temperature 1ncreased
over Region II, and again in Region III the yield stress decreased very

8 rapidly with an increase in temperature. In Acontrast, as shown in Figure 1,
tne critical resolved shear strese for -basal (0001) {1310] slip of this alloy,
altheugh it exhibited a yield point, was insensitive to the temperature..

(2)

Detailed investigations by Howard, Barmore, Mote and Dorn' * have clearly

establisheq that prismatic slip over Region III occurs as a result of a
. diffusion controlled thermally activated dislocation mechanism, Further-

“more, Larsen, Rajnak, Hauser, and Dorn(3) have recently in their analyses

_ of the dynamic slip behavior under impulsive loading, attributed the athermal .

basal slip to Suzuki iocking whereas the thermally activated mechanism of
prismatic slip that is operative over Regien I1is controlled by the Peierls'
‘mechanism. .Therefore, when the athermal prismatic def_ormation mechanism
‘that is operative over Region II ie deterrri{ned, c‘omplete documentation of the
'plastic behavier of this particular composition of the Q-phalse 1n the s?stem

" silver-aluminum will have been established.

.Mote, Tanaka, and Dorn suggested that the high yleld stress and the
'. a.thermal behav1or for prismatic slip over Reglon II could only be ascrlbed
to short-range order ha.rdenmg Assuming that the equlhbrlum degree of
‘ short range order was frozen-in below 475 K, it was possible to solve

.,szmultaneously, (a) the condttzons for equilibrium giving Cowley's short-range
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" order parameter"in terms of the ordering energy and (b) Fisher's equation .

of the flow stress as a function of the degree of order and the ordering
energy. On this basis the ordering energy was estimated to be more than

about -760 cal/mole and Cowley's'dégree of order for the frozen-in order

~ was not more than about -0. 30.

’

This investigation was undertaken in order to obtain more direct

evidence on the possible effect of short-range order on the prismatic slip of

the {-phase in the system silver-aluminum. Whereas the Ag-lrich cubic

a-solid solution of Al is known to exhibit short-range ordering(4), and the
Al-rich cubic §-solid solution of Ag is known to exhibit clustering(s), the

details concerning the hexagonal {-phase are not clear.

Rudman(4) measured the ordering in this phase by means of x-;rays at

.4:_0 atomic percent aluminum on polycrystalline material quenched from 575°C

el
to room temperature, and estimated that Cowley's degree of order a is about
-0, 10, He observed however also effects equivalent to differences in atomic
radii, which as he himself points out, is unlikely since the lattice parameters

of silver and aluminum differ by less than 1% and no size effect is observed

in the silver-rich a-solid solution.

It is quite possible that the degree of order in'the hexagonal system'»
may be different parallel to and perpendicular to the c-axis., ;fhis possib'ility-. '

is emphasized by the concept that whereas prismatic slip in Region II is

v controlled by short-range order, basal slip over the same temperature

range has a lower resolved shear stress and is due to Suzuki locking.

* Evidently these issues can only be resolved by fneé.suring the diffuse

‘scattering from single crystals of this a.liloy.



DIFFRACTION THEORY B .

The intensity of x-rays scattered coherently by crystals containing ]

two types of atoms, A and B, consists of two parts: (Appendix IJ.

IF’ the 1nten51ty of the fundamental reflections, which is 1ndependent b

of the state of order in the crystal a.nd ‘which is concentrated in sharp peaks .

. given by the Bragg -relatzonshlp:
- N N 2mio Gt
- N "pqtT 70
IF-NI(XAA+XBB) ZZe | ~, (1)
p=1 q=1 ‘ o -
' IS,'_ the int'ensity due to the presence of different kinds of atoms in the
crystal, which dependé on the distribution of A and B

- . T N 2”1—» ,
o 2 pAB pq) ~ pq(_—_ '
I = NI x,xp(f, ) zz , » o (2)
S | B B , ZxAxB /
- -,..with: _
N : the total numbér of atoms, assumed to be at rest
B Ie :. the intensity scattered by one electron
‘xAlre_cB':v thg atomic fractions of A and B’
?pq : the interatomic vector from the p's atom - '
" At wavelength of the radiation o - o
: PAB(-.pq) : the probability of finding an A-B or B-A pair connected by - i
' * the vector T, o ' |
e vector r o - ' .y

Pq

In order to get a quantitative measure of the 6rder, 'Cowley'and . | i
. Warren(é)”) have introduced the short-rang'e',order coefficients a(_qu),

defined 'by: | ‘ S : S o -
i . ] : . i



|- pAB(rpq)

e T2X , X
Pq : XA*B

1if

If no long-range order, but only a finite amount of short-range order
exists, tbe coefficients will approachv zeq:é for _r'Pq-——oo since pAB(_r'pq) will .
approach the value of a random solution, ZxAxB. For a perfectly random

solution, alla_ = 0, excepta___, which will be unity, and Equation (2)

(8).

yields the Laue monotonic function

_ 2
Is = NIexAxB(fA - fB) ‘

Using the short-xja.n.ge' order coefficients apq’> Equation (2) can be

rewritten:

where the total intensity Is is in terms of the intensity scattered by one

electron (in electron units, eu). The intensity in electron units scattered by

one atom is:

I (eu)
( eu ) s v
s‘atom - NI :
. "e -
and
SET N ol I )
: 2 s L Pq- :
Cxaxo(f, - ) . . ‘ : . .
ATBYA B ‘P=1 q=1 4 . v v

Equation (4) gives the in’te‘nsit':y I’S in form of a Fourier series’, with the short

range order coefficients being the Fourier coefficients. . The coefficients can



- be evaluated byvha,rmonic andlysis aftl:ef'i;neasﬁring the intensity as a function
_of the diffraction vector (5 - ?O). The.‘summatior; has té be carried out over
all distinct interatomic vectors ?Pq' N_o complica.fions from size effect
"terms should arise(g) in the case under consideratioﬁ, since the lattice

constants of pure aluminum and silver differ by less than 1%.

In a close-packed hexagonal lattice the vector ?Pq = 'i"q - ?p from the

P's to the q's atom can be described by:
- ! &2
P

where aj, a, and c are the conventional axes and'1, m, and n ihteg.ers with

" - the following restrictions:

n even: 1 =3g
m = 3g .. where g = any integer, not
necessarily the same
n odd: . l=3gx£1l
m = 3g F1 : ~ wheére g = any integer, not

necessarily the same

—
S

' The diffraction vector % - 0) which is perpendi‘c_ular to the diffracting
plane having the intercepts 1/h1, 1/h2, 1/h3 with the crystal lattice axes

a1/3, a2/3, c/2 can be expressed in terms of the reciprocal lattice axes

b % '

al, a.é, c* as: (Appendix II),

-5 : .
0 _, % % . '
—x— =hjay + hyas +hoc - , | _ {6)

q:zT+m—3-+'n§ ' : : o | (5),

€



where:

3 3
1 a1 cos3 0
| * a2
C
‘>< =
2 3
a, cos

and hl h2’ h3 continuous varlables.

Introducing the expressions for ?1.301 and v(-; - ?O) given by Equations (5)

‘and (6) into Equation (4) one obtains:

: ?1 2 T
.I, . zvz 27”(‘2."3" +m— + n-z-) (hla.1 + hza,‘2 + h3c )
s T L ¢ Lmn €
L mn
and

3 2wi(Lhy + mhy + nh3) 3 ' .

I' = a e : (7)
s Lmn B ' o

L mn

In order to convert the observed intensity from the arbitrary units in
which it has been measured (e.g., counts per secohds) into electron units

per atom, two methods can be used.

1. One can measure the total intensity in the reéiprocal lattice cell,

and determine the normalization constant K from the relationship

IS g

hhh

ThlS method was used by Cowley(lo). _
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One cai'; measure for the same experimental conditions the
intensity scattered by a non-crystalline low-é.;tomic number

material, whose intensity in electron units per atom (or molecule)

can be computed.” The normalization constant found in this way is

independent of the material and can be used to normalize the.

'intensity of the metallic specimen., This method was used by

Norman and .Warren(ll). Since in the present investigation only

one-dimensional intensit'y measurements were done, the latter
normalization method was employed. The eciua.tion for the

" geometry of a diffractometer, where incident and diffracted beam

. make the same éngle with the specimen surface, is:

.

I(C/ISI,) =K 1+ cos Za‘ cos” 26 | ( eu ) o (8)
' (_Fi) M molecule’ S
. . N p ] . -

B ‘Appehdix V shows the correction to be applied to the mass-

. with:

'(%) : . ma'.ss,‘é,bspfption coeff’icienAtA

M :._ Mc;lecul'ax-‘.-;mit weight- 4 ‘."

2a :'. Brégg angle of érystaljmonochrpn:xatlor
20 : Diffraction angle of specimen |

-

The polarization correction is for the case where the diffracted

beam stays in the same plane. I{ eu ) consists of coherent
A molecule

. and incoherent radiatibn; its computation foz."quartz—glass,‘ the

-standard used in this investigation is given in Appendix III.

e

- . absorption coefficient of Si0, for MoKa-radiaf:ion because of the

wayve-length shift of the Compton-radiation. The elimination of

. extraneous intensity contributions is discussed in the section

- "Experimental Techniques.."

©



EXPERIMENTAL TECHNIQUES

SPECIMEN PREPARATION

High purity silver and high purity alu;hinum, both 99. 995 wt. % were
" melted in a zirconium oxide crucible under helium in an induction furnace
and cast into a water-cooled copper mold to produce an ingot of 33.2 *0.3

| at. 070 Al.

Pieces of this ingot were used to grow single cryst.:'al spheres of 1 inch
diameter, using the modi_ﬁed Br'idg'man technique with stationary mold and
moving furnace. The crystais were grév}n in graphite ‘molds (spectrqgraphic.
purity) under vacuum, the furnace velocity wé_s 2.5 cmr per hour, the temper-

ature gradient about 15°C/cm.

For the x-ray measurements., flat discé, 0.25 inches thick and 0.75
inches in diamet’er, are .needec.l. " To avoid any mechanical defd‘rmation whgn
cutting these discé out of the spheres with the .desiredl orientation, an eléctric
‘discharge machine was used. _The cylindricva-lv 'sﬁrfaces were obtained by
means of a tubulaf brass tooi, for the flat sur‘faces a fork—lii{e tool consisting
of two parallel brass sheets weré eméloyed; All cutti;1g was done at the low-
est spark-‘energy ra,nge. The.lorienta'tion,,of the s.pheres could be easily found
by Aetching‘ them in a .s‘o.lutio‘n of 1 vol-part water, 2 vol-parts conc. nitric |

acid,

After cutting, the crystals were given the following vacuum annealing A
treatment:
1 day at 650°C, cooled within 5 hours to 180°C, 10 days at (180 £5°C),

~air cooled to room temperature.

‘ a:eSerw»f'oﬁaréér,'u'-'Metals Research Ltgi. R | Cambridge, England.
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Before the final x-ray examination the discs were electrolytically : .

| polished in an aqueous solution of 2% potassium .cYanide‘ and 2% sodium

vy

hydroxide.

MONOCHROMATOR o ) | P

In order to obtain useful values of the solution-;di'ffuse (Laue-diffﬁse)
scattering, which is of a verir~ low infensity, it is necessar.y to employ strictly
monochromatic radiation obtainéd by diffraction from a single crys'tal. In
" the présen_t infriestigation Mo Ka-radiation_was chosen for the following

reasons:

1. The radiation should be absorbed as little as-possible in its

. path, i.e., the wavelength should be short.

2. It should not excite the characteristic radiation of the specimen.
Mo Ko, (=0.71 f\) will excite the Ag Lo. (L-edge'3.7”.2.) but not the

Ag K(1 radiation (K-edge: 0.49 K).

3. The intensity measurements should be carried out at low angles,

to reduce the effect of temperature'(lz), i.e., the wavelength ‘

should‘be short.

The monochromator used was a bent (lEO'I.lI)I'Iquartz cryst‘a].', asymmetri-
cai ground with focal lengths of 80 and 132 mm. It wex_s‘plaged on a waferf
céoled aluminum arm v;/hich was‘ rigidl? attached to the x-ray fube. Thé
angular position of the crystal could be adjusted to within 0.003°. The take- T v

off angle was 3°, and the horizontal divergence"y was limited to 0.5°.

The water cooling kept the terhperature of the monochromating unit

constant to £1°C.
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By adjusting the crystai for maximum a 'l-intensity', the az-radiation
is reduced to 10% of the a,-radiation, since the optimum O-settings for the
two wavelengths differ by A8 = 0.036°.

N

From: A0 =33

' with: AN\ (wavelength difference) = 0,0042 A

d ‘(spacing of 1011 planes) = 3.34 A

For complete elimination of the az-radiation, Frohnmeyer(l3) placed

a 15 micron wide slit at the focal point, sacrificing thereby also a large

* fraction of the a,-radiation. For the present investigation this method would

~have given too low intensities, and no further reduction of the az-radiation

was therefore attempted.

A p'latinp.r'n slit, 5 mm high and 115 micron wide, placed at the focal

péinf let the whole doublet pass and eliminated only stray radiation on either

sid’e._ Each lme had a Wldth of about 70y, as a result of the apparent width

| " of the lme focus of the x-ray tube (40) and imperfections of the monochro-

mater crystal.

Preliminary adjustments of the mohochrmater were done using a

fluorescent screen, the final adjustment by means of photographié plates.

A picture of the monochromating unit, with the tantalum radiation .

3

shields removed, is shown in Figure 2.
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© SPECIMEN-CHAMBER

The diffracfo’meter used for the measufeménts was a Géneral Electrié
XRD-5 unit; it was posifioned so that thé_ focal point of_thé monochromator
: was on the diffractometer circle. The"vertical divergence & of incident and | A
diffracted beam was limited to 2° by means of high-resolution soller-slits.
The specimen w.a.s méunted at the bottom of a metal Dewar within a vacuum
chamber of 10 cm inner diameter. It could be tilted and rotated.from the

~ outside about two horizontal axes perpendicular to each other (Figure 3).

The x-rays entered and left through a 0.015 inch beryllium window.
‘The chamber was made of 304 stainless steel except for the bottom of the
"coola..nt chamber and fhe connections to the specimén, wh_ich were made of
:copper. ~The‘vacﬁum served the two-fold purpvose of eliminating air-scattering
and providing thermal iﬁsulation, A flexible metal tubing connected the
chamber with the vacuum pumps; a liquid nitrogen trap preven:ed' the back-
diffusion of oil-vapors. The tempefature was measufed with a thermocouple,

' pressed by a spring against the back of the specimen. The temperature

. difference between the front and back of the specimen never exceeded 1°C.

By filling the coolant chamber with oil and heatiﬁg it by means of an
immersion heater, it sl'_lould‘be possible 'to use the vacuum chamber if the

need arises for investigations up to 300°C.

 INTENSITY MEASUREMENTS

The intensities were measured with a scintillation counter No. 3, iRt
. connection with a photomultiplier tube with variable voltage, a preamplifier,

a linear amplifier with variable gain, and a pulse-height-selector.

i

R4
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A determination of fhe noise-level as é. function 6f photomultiplier-
véltage aﬂd linear amplifier-g.ain showed (Figure 4) that at gain 10 the voltage -
should not exceed 1150 volts. Since the radiation obtained from the mono-
chromator contains besides the Kc‘-rad.ialtioh also its higher-frequency
harmonic-s, if the tube voltage was sufficient to excite them, a pulse height .

selector can be used to eliminate them.

In order to determine the optimum setting of the discriminator window,
"monoc;hromatic" Mo Ka-radiation was' »diffracted from a lithium-fluoride
érystal and the 'pulse height distributions of the radiations with A = 0.71 A
and X = 0.35 & mea'sured, ‘by setting the counter at 20 = 20° and 26 = 10°,
the Bragg-angles corresponding to the (200) reflection of these two wave-

 lengths.

- Figure 5 shows for the selec.ted voltage of 1100 volts the position of
the two wavélengths. By using a symmetrical window setting from 6.1 to
12.0 volts, the intensity of the half wavelength radiation can be reduced to

"less than 1%, while the Mo Ka—radiation is still 90% of the value for a

‘window from 4 to 16 volts.

 Before being eliminated in the puise height select‘or,' the half wavelength
.has howgfzer excited the Ag Ka-radiation',x which with a wavelength of 0. 56 A
has its peak at 11.5 volts so that it ié only partially eliminated by the pulse-
height selector. By varying the v‘vindow.width if: was found however that this

contribution was negligible,

When using quartz glass for normalization, 60 to 80% of the radiatién

is incoherent, with a wavelength of:
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)\i = )\c +.0.0242 (1 - cos 20)

For 20 = 160° : A, =0.709 + 0. 047 = 0.756 & -

To insure that the counter has the same efficiency for coherent and
incoherent radiation, the window was. widened toward the lower voltages to.

5.4 volts.

' From the relationship V, (Volts) x A, Xy = W« A, it follows that the
- peak of the incoherent radiation will appear at 8.5 Volts, i.e., 0.5 Volts

lower than the peak of the coherent radiation.

In order to prevent radiation scattered By the beryllium window from

reaching the counter, the horizontal divergence of the diffracted beam was

limited to 3°.

It is not advisable to limit the horizontal divergence of the diffracted
. - Pa

beam (y') to that of the inciaent beam (y). For the metal specimen, the dif-

fracting layer can be considered to be infinitely thin, but this is not the case .

for the standard with its low atomic number. . The linear ébsoprtion coeffici-
ent of 510, for Mo Ka-r-adiation is only 8.0 cmfl, and not all of the diffracted
~ radiation would enter the counter, when using the sé.me~diverge_nce for -

indicent and diffracted beam.

 With ' = 3° and 26 >120°, more than 99. 9% of the total diffracted

intensity is.measured, while still keeping the absorption correction negligible.

- The detec:t'o,r slit had a width of 1°, The intensity-measurements were
~done by step-scanning with fixed-time count (1000 sec), resulting in a '

standard deviation of 1% or less.



EXTRANE OUS SCATTERING

The total infensity measured by the counter contains beside the

Laue-diffuse scattefing'ls several extraneous components, which have to

be eliminated, before the short-range order coefficients can be evaluated..

.

‘Due to the thermal vibrations of the atoms, the intensity of the

~ at a few temioeratures below room temperature and extrapolation

‘fundamental peaks. This error has not been considered in previous

 determinations of the short-range-order; it can be reduced by use '

' The background of the counter (Figure 4). It was determined g

‘at ceértain intervals during the measurements of the metal

specimen and the standard with the x-ray beam blocked off.

The intensity of the fundamental reflection IF - is .eliminated by

interpolating the background under the sharp peaks.

-Air-scattering can be avoided by working in vacuum.

Fluorescent radiation from the specimen can be suppressed by

proper choice of the incident radiation and by employing a

pulse-height selector. - ;

fundamental reflections is reduced and appears as ten’iper_éture
diffuse scattering I'r in the background, particularly at higher

diffraction angles; It can be eliminated by measuring the intensity

to 0°K. It is assumed that the shdrt-range order does not change

in this temperature region. It has only recently been pointed

(12)

out , that the thermal vibrations will cause a broadening of

- the short-range-order peaks in the same way they influence theﬁ

of a short-wavelength radiation,
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6. After contributions 1.to 5 have been subtracted, thé remaining
intensity has to be put into electron units per atom, .beforgvthe‘

" last extraneops scattering can be eliminated, the incoherent : .
) sc;ttering L fr_orh the spec.imen. It has been measured or
computed in electron units pér atom as shown in Appendix VI

~for both aluminum and silver.

Since the incoherent scattering from the silver-aluminum specimen
accounts for only a few percent of the coherent diffuse scattering, and since

at low angles the wavelength shift is small, the mass absorption coefficient

for the coherent Mo Ka-radiatidn was taken without correctioh(l4).
cm2
(5 . =23.5 '
P Angl
MAngl =242.7 A . . . -

The atomic scattering factors of silver and aluminum, as taken from
"the International Tables and corrected for Mo Ka-radiation, are given in

Appéndix VII.



A,

EXPERIMENTAL RESULTS

Intensity Measurements of SiOZ—Standard

In order to determine the normalization constant K in the equation:

K - = (w/p) M+ I{c/s)
<’“—“;“— + cos2 ‘29> I{eu)
cos  2a

measurements were carried out by step scanning at room temperature

between 100° and 160° 20. The reported intensity in counts/sec is the

measured intensity minus the counter noise (Table 1).

It is believed that the value of K has an accurac*j of £5%.

Intensity of Quartz-Standard

Table 1

17

26 I{c/s) (/ p) | <++ cos? 29>- I{eu) K
cos 2a Y :
100° 15.70 3, 88 1.077 32,45 104.7
110° 16.09 3.91 1,164 31,00 | 104.5
120° 17.88 3.94 1.297 30.00 108.8
130° 19.65 3.96 1.460 29.20 109.5
140° | - 22.10 3.98 1.633 . 28.65 112.9
150° 23.63 4.00 1.797 28.20 | 112.0
T160° . 24.56 4,02 1. 930 27.85 110.0

Average value of K for 26 >120°.

VK‘=<111;W

isﬁ(

c/s,

—

e
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'B. Intensity M,easurements of AgZAl CrYstals

One-dimensional measurements were carried out in three directions

reciprocal space:

[001-]a< ) 'usi,hg different crystals., -

| Along the [110‘]* directio-ﬁ the diffusie’ ééa’ctering _Was considerably
stronger than in the other two directions, rand..' showed two marked peaks at
1/3 and 2/3 the distance from the (110) reflection (Figure 65. In this direc-
' tion,thg Liaue scattering accounj:éd on the average for about 90% of the total

diffuse scatte ring .

. The measured intensity values and a detailed calculation of the Laue-

diffuse scattering Is, are given'in Table 2.

Measurements were carried out at approximately 300°K and 150°K,
The low temperature was obtained by filling the coolant cavity with liquid

’ hitrogen. Assuming a linear variation of the thermal diffuse scattering, it

could be eliminated by extrapolation to 0°K.

The results of the intensity measurements along the [100 J:‘< and [OOlT:
directions are shown in Tables 3 and 4, giving only the final intensity I‘S.
" Thermal and compton scattering amounted in these two directions up to 50%

4

of the total diffuse scattering.

An interesting observation was made along the -[OOlJm_direction:

Superimposed on the diffuse background two peaks occurred at 8.8° and

21



Table 2

Intensity Measurements Along [110]*

19

15.6

297K | e | 0K |lgp) | Lamw) | wem) L | M
8 10.62 | 10.60 | 10.58 | 89.2 4.7 84.5 | 0.380| 0.096
9 16.64 | 16.58 16.52 | 139.8 5.2 134.6 | 0.620/ 0,108
10 27.35 | 27.23 27.11 | 230.0 5.7 224.3 | 1.067] 0.119
11 33,60 | 33.03 32.44 | 276.0 6.2 269.8 | 1.312} 0.131
12 21.20 | 20.17 | 19.10°| 162.9 6.7 156.2 | 0.786'| 0.142
13 16.72 | 15.72 14.69 | 125.9 . 7.2 118.7 | 0.618] 0.154
14 | 16.16 | 15.51 14.84 | 127.7 7.6 120.1 | 0.651]| 0.165
15 | 18.52 | 17.36 -| 16.16 | 139.5 8.1 131.4 | 0.739] 0.177
16 .| 25.72 | 25.10 24.46 | 212.0 | 8.6 203.4 | 1.198] 0.188
17 47.87 | 46.75 45.59 | 397.5 9.0 388.5 | 2.38 | 0.200
18 63.52 | 63.95 64.40 | 564.0 9.4 554.6 | 3.53 | 0.211
19 | 50.67 | 49.57 | 48.57 | 428.0 9.8 418.2 | 2.795]| 0.223
120 | 37.02 | 35.94 34.82 | 308.3 10. 2 298.1 | 2.10 | 0.235
|21 27.95 | 26.73 25.47 | 226.9 10.6 216.3 | 1.5931] 0.247
22 19.32 | 18.68 | 18.02 | 161.8 11.0 150.8 .| 1.162] 0.258
23 | -14.90 | 12.68 10.38 | 93.6 11.2 82.4 | 0.663] 0.270
24 12.91 | 10.13 7.25 | 65.9 | 11.5 54.4 | 0.456 | 0.282
25 14.22 | 9.78 5.19 | 47.5 | 11.8 35.7 | 0.312] 0.293
26 25.57 | 17.22 8.58 | 79.1 12.2 | .66.9 | 0.609]|0.305
28.5| (110) reflection . ©10.333
30.5] 39.72 |"22.76 5.26 | 50.3 | ~13.3 37.0 | 0.404] 0.355
31 21,02 | 11.40 |  1.45 | 13.9 13.5 . 0.4 | 0.004]0.362
32 | 11.48 | 6.78 1.92 | 18.67 | 13.7 4.9 | 0,057 0.373
34 7.25 | 4.28 1.21 | 11.9 | 14.2 ' 22.3 | -.0290.395
3. | 7.04 | 4.69 | 2.26 | 22.7 | 14.7 8.0 | 0.106] 0.419
38 | ..9.17 | 7.81 6.40 | 65.6 15.2 50.4 | 0.709 | 0.442
39 11.54 | 10.26 | 8.94 | 92.6 15.4 77.2 | 1.113| 0.453
40 13.47 | 12.61 11.72 | 122.7 107.1 | 1.580 0.463
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.26.. 5° 20 (Figure 7), corresponding to (001) and (003) reflections. .Although
these peaks have an intensity considerably smaller than the short-range order
peaks, they afe extremely sharp, iﬁdicafing that they arev caused by long-
range ordering. By lowering the x-ray tube voltége to 33 kv (below the
excitation voltage of the secoﬁd harfnonic), it was definitely established that

the peaks were not caused by incomplete removal of the second harmonic.

Using a 0.2°/min.. scanning speed and a 1° detector slit, the integrated

intensities of the (002), (003), and (004) lines were measured at 132°K

(Table 5)
Table 3
- Laue-Diffuse Intensity Along [lOOJ':<
1 .

20 It by

14 0.807 | 0.86 _ : L oA :

15 | 0.598 0.92 : ' : : é
15.5 0.708 0.95 , ‘ . EE I i
16. 35 - 1.00 . (100) reflection' : '
17.5 | 1.203 1.07 o : '
18 0.793 1,10 ;
19 10,531 1.17 ?
20 0.520 1.22 :
21 0. 646 1.28 ’
22 0.730 | 1.35 . o L , : : }
23 0.841 ‘1,41 _ o o - :
24 0.952 | 1,47 : o . ' o S §
25 - 1,133 1.53 o B ;
26 | . 1.308 1.58

27 |- 1.490 1.65

28 | 1.682 | 1.71 o : : -

29 1.762 1.76 P S -
30 1,682 1.82 S S B ;
31 1.675. 1.89 :
31.5 2.080 | 1.91 R : <
33.0 - 2.00 ' (200) reflection. N :
34,5 0.598 2.09 S . f T &

35 0.522 2.12 _ _ _ ¥ ’
36 | .0.546 2.18 . - o




Table 4

Laue-Diffuse Intensity Along [OOIJ

. 1
20 Is h3
13 - 0.403 0.75.
14 0. 342 0.80 -
15 0.028 0.86
17.5 L= 1.00 |} : . (002) reflection .
20 0.050 1.15 : -
21 0.018 1.20
22 0.109 1.26
23 0.139 1.32
24 0.175 1.37
25 0.264 1.43
26 0.376 1.48
27 0.537 1.54
28 0.723 1.59
29 0.872 1.64
30 0.721 1.70
31 0.573 1.76
32 0.543 1.81
33 . 0.821 1.87 |
35.4 - . 2.00 . (004) reflection
38 0.227 2.15 o
139 0.061 - 2.20
40 0.009 2.25
141 0.063 2,31
42 0.109 2,36

A

Table 5

- Integrated Intensities of (002), (003), (004) Lines

RN, ' I(relat':ive)

26
17.5° - (002) - 49.5x 10°
26.5° (003) sl

35, 4°

" (004) 19,3 x 103

21
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C. _ Lattice Parameter Measurements

Together with the diffuse intensity measurements, the positions of
several low index fundamental lines were obtained (there was no noticable )

change of position with temperatﬁr’-e). ‘Table 6 shows the angular position of

the lines and the lattice parameters calculated from them.

Table 6

Lattice Parameters of the Annealed Phase AgZAl

hke | 28 Lattice Parameters
002 17.5 c=4.68 A

004 ' 35,4°

100 . 16.35°

200 33.0° . a=2.8A

300 - 50.4° N e
110 | 28.5° . | M 2.89 A
. 220 59. 0° o
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"ANALYSIS OF RESULTS.

The low'rntensm.les along [100 } and [OOlJ g o.nd the two broad pea.ks
e,long [110]‘ suggest 1mmed1a.te1y the presence of strong short range
ordering with the tendency to form a two-dimensional snpe_rla.ttlce on the
{OOl}planes in which each aluminum atom is surrounded by six silver
atoms (Figure 8). Since the breadth of the peaks indicates, that the a.iloy is
far from having th1s perfect long- range ordering, ‘a.n‘.es:;tin’xate of the degree

| of short range order can be obtained by evaluating the intensity distribution
in terrns. of:the'. Co{x.r‘l‘e.y-Warren pair-density coeffiCients.  This theory is
actually valid only for low dedrees of ordering, since one 'of its basm
assumptions is, that pairs with the same interatomic vector are statistically
' equivalent. Even though in the present case the -app'ea',ra;ncev‘of two peaks
indicates, that this is not the case and that the ordering effects go-beyond
the first nelghbors, there exists at t'he 'pre‘s'ent time no better ﬁtheory on

intermediate states of ordering.

When carrying out one- -dimensional 1nten31ty measurements, for
example along [ 110] Equatlon 7 reduces fo the fozm

' o ' — _'Zﬁihl(l +m) : P . ' .

L=tmb0=p Ce Lo (@

or in terms of the trigonometric functions:

I' (hyh,0) = Z[‘A_‘f cos 2mh (4 + m) + iB, sin 2rh (¢ +m)| (9)
; |

The evaluation of the Fourier coefficients A and B of a one-dimensional
series can be carried out easily by means of the 'coméuting scheme for 12

(29)

ordinates as given for example by Lipka
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In order to distinguish between the short range order coefficients of
pairs within the same basal plane (n = 0) and in different basal planes, the

former shall be des1gnated by %y van and the latter by ’Yﬁ mn”

Using this terminology, the short range order coefﬁci'ents are related

to the calculated Fourier coefficients by:
Ap + By =22 @ mn* Yo mn! (10)
m n '

The inter-atomic distance r in a hexagonal close-packed lattice with

ideal c/a ratio is given by:

r/a = \/ %(12"+m2-£m)+-—§-n2

The first few interatomic pair distances and their corresponding short
~

‘range-order coefficients are given in Table 7.

Table 7

Interatomic Pair Distances and Their Short Range Order Coefficients

r/a £ mn r/a £ mn
0 000
1,00 300 1. 00 121
330 Z11
| 030 111
1.73 630 1,41 421
360 241
- 330 221
2.0 600 1.63 002
' 660
060
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Using the values of I's given in Table 2, Figure 9 was plotted, and from
this graph the Fourier-coefficients were evaluated by means of.a l12-ordinate

scheme (Table 8).

Table 8
‘Intensity Distribution Along {110}* and the Fourier-Coefﬁ_cients
hy S S
| o0.028 1 - AO=+O.76'

. 0.056 2 - A, =-0.73 B, =-0.70"
0.083 3 - A, =-0.25 B, = +0.35
0.111 | 4 0.70 Ay = +0.40 By = +0.04
0.139 5 0.90 A, =-0.22 B, = -0.13
0.167 "6 0.65 Ag = +0,00 By = +0.09
0.195 | . 7 1. 80 Ay =+0.04
0.222 '8 2.90 i _ .

0,250 9 1.40 N -
0.278 | 10 0.55 | | |
0.306 | 11 0.15
0.333 | 12 | 0.00
S 0.362 | 1 0.00
0.389 2 0.00
0.417 3 0.10

-

Table 9 shows the results of the equivalent evaluations for the [_lOOlJ *
and [001]* directions, As .given by Equation (10), the short-range order
coefficients can now be calculated from the Fou.rier-coefficient,s according |

to Table lO,IVneglecting terms beyond a; and 7v,.



Table 9

Fourier-Coefficients Along [100J* and [OOIJ* »

{100} o

A.0 = 40,95
A =-0.26
A, =-0.22
A, =-0.05
A, = +0,02
| Ag = 4004
Ay = 40,02

11

i

-0.50

+0.03

+0,10

+0. 07

+0.03

| [_001}*

Ay =40.24

A = -0.28 )
A, =-0.02 N
A, = +0.08 3

A =-0.02 B,

Ag = -0.01 ' BS'
'._A.6= 0.00

-0.20

+0, 16

-0.03
-0.03

+0,02

The resulting short-range order coefficients are as follows:

-0.17
+0,10

-0.17

= -0. 19

+0.08

+0.04 -

Symmetric

- Symmetric and anti-symmetric

Symmetric and anti-symmetric

Symmetric and anti-symmetric. -

Anti-symmetric

Anti-symmetric
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Table .10

Relatlonshlps Between Fourier-Coefficients and
Short-Range Order Parameters

[110}*' A +B =4a, +47,
'AZ’+BZ='2a1+4a3+4yzv
A, +B,=4a,
>A4+B.4=2a3

[100]* Ap+By =4y

- Ayt By=27+47,
A3+B3'=4al+'4a2"
‘A4+B4’=2'y2

[001J* . A +B =67, {672

| A, +B, =27, B .

- For the proposed model of a two-dimensional superlattice thea's for

complete order would be:

a, = -0,50 - . Symmetric and arit:'i-symmetric
a, = +1.00 | N A Symme‘tfic
aj = -Q. 50 - Symmetric and anti-symmetric

In this connection the expression "symmetrlc" means, that correspondlng
positive and negatlve 1nteratom1c vectors are of the same type, either con- :
‘necting like or unlike a.toms, while “antl—symmetrlc”- means that the vectors

are of the opposite type;

While the short-rangve order parameters‘f._in the basal plane indicate,

that the proposed model for the atomic arrangément within the basal planés is



éorrect, no predictioﬁ can be made a.s',t_o the’ .éxpected bs’t'acking Qf these

identical layers in a three-dirﬁensional'superlattice. There are two extreme

cases one can visualize: atoms in equivalent positionsv ih alternate layers '
~could be either of the same or the opposite type., It Wiil require the attain-

ment of long-range order to decide this question.

Whatever the stacking sequence however, there is no possibility f.or the’
formation of (OOi) sul.perla.ttice lines, as observed in the present ‘investigation.
- These lines can only be caused by a regular compoéiﬁioﬁ difference between
consecutive layers. An estimate of tﬂis cémposition difference can be made
| By comparison of the integrlated.intensity of the superlattice line with that of

a fundamental line.

v

Assuming that the stochiometric compound-Angl contains a slight
excess '"x'" of aluminum, for example, and that this excess goes regularly
into alternate basal planes throughout the diffracting volume of the crystal,

the ratio of the intensity of the (003) superlattice line to that of fundamental

lines of the same form is given by:

2 2 o2 o
IS ) 9 x (ng - fAl) " (1l ¥ cos ZGS) (sm'ZGI‘:)
. - 2
B2y, i)

(1+ cosz ZGF) (sin 2 98)

. neglecting temperature and extinction effects.

. Using the measured intensity values of Table 5, }s. = 1, 6% by cofnparison
 with the (002) line and l.‘2% by compari.sén with the (004) line. The high#r

value of x for the (002) reflect.ionvis very likely due to prima.ry. extinction.
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Again, the final explanation for the'presence of long—range order
together with short-range order, requires more work, directed particularly

toward the effects of heat treatment and composition on ordering.

One of the physical properties that depend on the atomic arrangement
and that can be measured easily are the lattice parameters. The values

2.89 & are believed to be precise to 0. 024 and

1]

reported in Table 6, a

c=4.61524
it is interesting to compare them to values reported by Massalski(?’o)»on
quenched samples of this alloy: a =2.878 A ‘
' c=4.615 48

" Massalski's a-parameter is within the accuracy of the present
determination but the difference between the c-parameters is significant
enough to conclude, that the atomic arrangement in this alloy is quite

~

different in the quenched and annealed state,

The same model for a superlattice as proposed in the present .

(

inveétigation was reported by Guinier 31) for ﬁetastable Guinier - Preston
zones bevlow 150°C in the aluminum-rich 6-phase in-the system silver-
alurhinum. Even thougi’i the disappearance of' the superlé.ftice lines at 160°C
in Guinier's. work seems to be causeci by/a,‘change in the condpositibn of the

' zones(32), it might be interesting to lower the annealing temperature of the

. alloy AgZAl _also to 140°C, in an attempt to establish long-range order.
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CONCLUSIONS

The alloy AgZAl, when annealed for several days ,a.tv 450°K, shows
strong short range ordering. Position and intensity of the short-range
'orderpea.ks indicate a tendenéy to‘form a superlattice on the basal planes, in
which each aluminum atom is surrdunded by six silver atoms. No prediction
can be made concerning the e};pected stacking sequence of these basal planes

in the three-dimensional superlattice.

Very faint but sharp diffraction lines of the type (001), (003) must be
due to a systematic composition difference of consecutive basal planes; the

sharpness of the lines indicates that it is a long-range ,ordering effect.

A comparison of the lattice parameters of the annealed alloy with,
pafameters obtained from the quenched alloy shows, that the c-parameter in

the annealed state is 0. 06 Avla.rger than in the quenched state, indicating a

- large change in the atomic arrangement,
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APPENDIX I

DIFFRACTION THEORY

The amplitude of a plane wave scattered at a point p, whose position

. ) . ) . e . . - . . )
relative to a convenient origin is given-by the vector rp is according to

‘Laue( 18):

where
?0 = direct;ion Qf incident beam
s = direction of scattered beam
I = wa.véiéngth of radiation
v : = frequency of radiation

. If the angle between incident and scattered beam is 20,
(5 - ?0) =2 sin 0

In an assembly of scattering points, the resulting amplitude is the sum.

over all points:

The resulting intensity is 'given_ by.AZ and is obtained by multiplication

with the complex conjugate:

o I= iAlZ = const ZZIT( i P ” O
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Expressing the intensity scattered by one electron by Thomson's

(20),

equation

1 = const 14 cos® 20 I
e RS 2 -0

where I, the intensity of the incident unpolarized wave and R the distance
“from the scattering point, the intensity scattered by an assembly of electrons

* within an atom in terms of Ie is:

Applylng this to an a.ssembly of N-atoms, where the p's and gq's atoms

'scatter with an amphtude fp and fq, the result;ng 1nten31ty is given by:

Assuming that this assembly of N atoms contains two types of

: _.atoms(lg)(ZI'), A and B, there can be found N pairs wi_th the same intevr-‘atomic
L — — )
vector (r T

q P
vector ?p : the vector can connect an A-A, B-B; or A-B pair. ..

) = T , with three types of pa.ir.s being possible for the same

‘ . — -y
It 1:)AA (rpq) PBB ( AB (rpq

© the probabilities of flndlng an A-A, B-B, A-B (or B-A) pair connected by

) P ) are the pair density functions or

the vector %q’ the intensity for a certain diffraction vector 3 - ?O), is given



where it is assumed, that the observed intensity-value is equal to the value

" obtained by averaging over all the actually existing pair-densities, i, e., that

the interatomic vectors are statistically equlva.lent which will actually be

true only for solutions w1th a low degree of order For a binary solution
this can be simplified since there is only one independent pair-density

function, which suffices to define the state of order in the alloy. With XA

- and Xp being the atomic fractions of vcomponenth and B, respectively;

PAA as well as PBB can be expressed in terms of PAB(ZI):
B, ix, BB p . 4B
AA T TA 2 ’ BB~ 7B 2
and
~ AT (2T
_ 1 : 2] "X ‘pqgTv0
I=1 Nz Z[XAfA+x B—-ZPAB(fA-fB)]e |
p=1 g=1 : u

This equation gives the total intensity of the radiation coherently

scattered by a crystal with the aﬁoms at rest.

It can be séparated into terms that contain PAB’ i.e., they depend on

the state of order, and terms, that do not contain vPAB’

38 [ [T [ DR -t

with
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_ Substract'in‘g‘ from the lst'sum X )Xp (£4 - ';EB)Z and adding it to the

‘second:
I _ Co 2 K -
‘N‘I‘;’ [xA£A+xB£B—xAxB(fA-fB) ]e :
P
2 AB 2
+Z[xAxB (f5 - £5)° - —5= (£, - fp) }eK
therefore'{
I z(xf w2 oK G2 | Pap | x
N AA+BBe+Z A~'B EETE N
AT B
/ ‘z
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APPENDIX.II

RECIPROCAL LATTICE OF THE HEXAGONAL SYSTEM

The reciprocal lattice of any crystal lattice is defined by: (all

quantities in reciprocal space are marked with an asterisk).

‘The Directions of the reciprocal lattice axes:

eyl
a

1 is perpendicular to

— —
a, and ¢

2
—
a

—3 —
1 and c

a, is perpendicular to

—3 ' . —
¢ 1is perpendicular to a; and

a—
a

2

The lengths of the reciprocal lattice axes:

V is the volume of the crystal-lattice unit cell; 'for the hexagonal

.system:
V=a1- ay* ¢c- cos 30

The vector product of two vectors is given by:

—_ - . .
s, XCc=a, c- siney
= -—)—- . . ' i
ay x_c‘— a; ¢ sinx,
— — . ’
a) xay =a; - a,: sinvy
. a: angle between ?2 and T = 90° :
o 'azz angle between _51 and T = 90° |

.'y : angle between * E.l and ?2 = lZQ°_ '



" The crystal lattice axes and the reciprocal lattice axes have the °

property that

— —y
a *a

m n

whenm £ n

when m

n
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APPENDIX III

COMPUTATION OF THE INTENSITY IN ELECTRON UNITS
: SCATTERED BY SiOZ : ’

For a material of low atomic number, at high diffraction angles, each
atom can be assumed to scatter independently. Taking the molecular unit of
quartz-glass as SiOZ, the scattered intensity is given by:

Si0 o
1 Plew) =1t a0 L2192
C 1 C 1

The supe'rscripts refer to the ty’pé of é.tom, the subscripts to coherent
and .incohe_rent radiation respec'ti\)ely. The:cpmputatioﬁ of the coherent
intensity isvg'iven in the following fable; thevatvomic scattering factors were

' fcé.keﬁ frorh the International Tables(lé). Since .Mo-Ka.-radiation was uged,
the scattering factor of silicon was corrected for dispersion, neglecting the
. imaginary part of the anomalous scattering factor and taking A;' independent

of the angle as +0, 1(17)_,

- Coherent intensity of Si0,:

 sin6/A | - 0.9 1.0 | 11 |- L2 130 1.4
£,(Oxyg) 1.462 1.374 | 1.296 | '1.220 | 1.144 | 1,070
10 =% 2,14 1. 89 1.68 | 1,49 | 1.3l 1. 15
£,050) | 3,16 | 2.69 2.35 | 2,07 | 1.87 1.71
(£, + Af) | 3.26 2.79 | 2.45 | 2.17 | 197 | lL.8l
=2 | 10,62 778 | 6.00 | . 4,70 | 3.88 | 3.27
ZI, . | 1490 | 11,56 | 9.36 | 7.68° | 6.50 5.57 .
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The incoherent intensity was computed from the ground state-

calculations for oxygen by Milberg and Bra.ilsford(zz) and for silicon by
Freeman(23). In both cases the relativistic Breit-Dirac correction was

' applied (Appendix IV). The following table gives the values for the incoherent

intensity as well as its fraction of the total intensity. “This latter value is

important when selecting the mass-absorption coefficient (Appendix V),

sin 6/x 0.9 1.0 1.1 1.2 1.3 1.4
1 6.750 | 6.894 | 7.025°| 7.148 7. 259 7.361
. R 6.22 |  6.23 6.22 | 618 6. 12 6. 05
ot 10.82 | 11.25 | 11.59 | (11.9) | (12.1) | (12.3)
. R 9.97 | 10,18 | 10.26 10. 30 10. 22 10. 1
Z1I - R 22.41 | 22.64 | 22.70 | 22.66 22. 46 22.20
I 14.90 | 11.56 | 9.36 7.68 6.50" 5.57
= I(eu) 37.31 | 34.20 | 32.06 30. 34 28.96 27.77
/51 .60 .66 .71 .75 .78 .80

S 3 s e Sy i
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APPENDIX IV
RELATIVISTIC BREIT-DIRAC—CORRECTION
MOKa -RADIATION
Relativistic Breit-Dirac-correction for MoKa-ra.diation. The inelastic
or Compton scattering of an x-ray quanfum by an 'electronvcause's an increase

of the wavelength given in its simplest form by:
AN [.&) ‘20,0242 (1 - cos 26)

Actually the incoherent radiation forms a band and the Compton formula
applies to the"peak of this band. The formula neglects furthermore the
defect-shift(24), which results in a2 wavelength-shift a few percent less than

the one predicted by this formula.

As a consequence of the wavelength-shift, the intensity of the incoherent

radiation is lowered by the Breit-Dirac-factor R, where R = :-% and

B=[1+0.0242 - 20 (2 9’)L]

“For M’QKa-fadiation (\ = 0.71 A), the B-D-factor is given as'a fﬁnétion

of.sj‘)f1 0 in the fqlléwin’g table:.

L A 1o f 03 | o4 |05 | 0.6 0.7

R 0.999 | 0.996 | 0.990 | 0.983 | 0.975 | 0.964 | 0.951
L 0.9 | Lo | L1 | Lz | 1.3 1.4
R 1 0.937 | 0.921 0.904 | 0.885 0,865 | 0.844 | . o0.822 3




P
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APPENDIX V'

.EFFECTIVE MASS-ABSORPTION COEFFICIENT OF $i0,

v When computing (—-.) for SiO2 one has to take into considera’cion the fact :

- that part of the scattered radlatlon - the incoherent radlatlon - has . a longer
wavelength ()\i = )\c + AN) than the coherent Mo~ K radiation )\ and therefore

a higher absorption coeff1c1ent ey o

For the wavelength region of A = 0.7 A& the absorption coefficients of

oxygen and silicon follow approximately a \ law( 5), so that:

E_<ﬁ> . and w e 1+A>\>3
Eo o \X: ’ Bi = ke < x

e
which can be approximated by:

 For the incoherent part of the scattered radiation, the absorption

. coefficient should be taken as the average of pi and I

- 3 :
BER 1+7(T
With: - L

AX = 0.0242 (1 - cos 26)

Eo=p, [1 +0.0511 (1 - cos 26)

- Using the values for the fraction of incoherent radiation given in

. '. Appendix III, Feffective a0 be calculated: '

- : 1+ (l i)
Mege = w7 +0e (1 -57)



_ Effective Mass-Absorption Coefficient
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26 90 100 110 120 130 | 140 | 150 160

B/u, | 1.051 | 1.060. 1,069 | 1.077 | 1.084 | 1.090 | 1,095 | 1.099

I, |

E%A 0. 66 0.70 0.73 0. 76 0.77 | 0.78 0.79 | 0.80
lfff 1.034 | 1.042 | 1.050 | 1.058 | 1.065 | 1.070 | 1.075 | 1.079
) | : N

This correction is by no means negligible, ranging from 3% at 20 = 90°

to 8% at 160°,

With the values of% for .oxygen and silicon for kc'z 0.71 A given in the

Intern. Tables

olE

< >&02

=3.72

(14)

e

cm
8

s

- Molecular-unit weight MSiOZ = 60,1, No corrections of the absorption

coefficient were made for the absorption in the 10 cm air path, the 0, 015"

beryllium window in the vacuum chamber and the 0, 005" beryllium window in

the counter, since the transmission for these is 98%. "



52

APPENDIX VI .

INCOHERENT SCATTERING OF ALUMINUM AND SILVER

The incoherent scattering of aluminum was taken from the calculations

(25) (26)

by Freeman ; for lower angles the experimental values by Laval were

used. It is shown - including the Breit-Dirac correction - in the following

‘table,
Incoherent Scattering of Aluminum
S 9 - 0.1 0.15 0.2 0.3 0.4 0.5
: eu 1T '
Ii R(m} 1,2 2.4 3.5 5.2 6.3 7.3
sin 6 '
N 0.6 0.7 0.8 0.9
Ii - R 8.1 8.7 9.1 9.4

had

Since no newer calculations of the incoherent scattering of silver are

available, the Heisenberg-Bewilogua computation method was used(27)(_28).

Based on a Thomas-Fermi distribution, Heisenberg gives Ii(eu) as:

Ii(éu) =Z * s(v)

where

o o 47 sin 0.176
TTTX © 23

with z(atomic number) = 47 for silver, -

sin @

v=0,170" X




USing the numerical evaluation of s (v) by Bewilogua, the following
values are obtained.

Incoherent Scattering of Silver

2l | v | e ] neResy
0.1 0.017 . 0.14 6.6
0.15 0.025 0.19 | 8.9
0.2 0.034 0.245 11.5
0.3 0.051 0.32 14.9
0.4 1 0.068 0.385 | 17.8
0.5 0,085 0.44 20.2
0.6 0.102 0.49 | 22.2
0.7 0.119 0.53 | 23,7
0.8 0.136 0.565 | 24.9
0.9 0.153 0.60 - 260
Incoherent ScAattel;ing of Ag, Al : L - R (eer) *

1 atom

sin® 14,10 0.15/ 0.2] 0.3 0.4| 0.5] 0.6 0.7] 0.8] 0.9

I(A) | 1.2012.4 | 3.5] 5.2 6.3 7.3| 8.1 8.7 9.1| 9.4
l1(ag) 6.6 8.9 |11.5 | 14.9 | 17.8 | 20.2 | 22.2 |23.7 | 24.9 | 26,0

4.816.7 1 8.8{11.7]14.0]15.9{17.5 |18.7 |19.7{20.5
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. "Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








