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Abstract.

A new curved crystal Xray spectrometer, with a spot focus
Xray source and proportional counter detector,has been constructed
and its design is described. The results of a preliminary
investigation into the variation of the intensity received at the
detector, with movement of'the source, are discussed.

A study of the N, absorption line of ytterbium has been made
and the Mjy and My absorﬁtion edges of ytterbium, lutecium and
hafnium together with thevMiii eﬂgé of ytterbium are reported for
the first time. The discrepancy b§tween the ;bserved positions of
the Mjy and My edges and thosé calculated from data on the L
spectra of these elements is discussed.

A comparison has been made between the absorption of ytterbium
in the pure metal and in compound, énd the absence of the M,
absorption line for the metal cleérly indicated. The Mj, and M,
edges 6f the metal haveibeen found to occur at energies some
14 ev lower than thos; of ytte}bium fluoride (or oxide) and the
cause of this shift i§ indicated. To facilitate the preparation
of pure metal foils an eVaporaﬁion chamber attached to the
spectrometer tank has been designed and constructed. By this means
the foils could be prepared and transfered into the Xray beam
without exposure to air,

The measurement. of the M;, and My edges of tantalum (oxide)
is described and a suggestion made to account fgr the difference

between their previously reported positions,
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2.

Xray Absorption,

The Absorption Coefficient.

The absorption of.Xrays follows the same logarithmic law as
all electromagnetic radiatioq, thus if I, is the incident intensity,
M| the linear absorptidn coefficient and d the thickness of
absorber traversed then the trangmitted intensity is given by

1= Ioe'/;‘ﬁd
Here /Wl is a func@idq,of thefatowic number of the absorbing atoms
and the energy of thé iﬁcidenﬁ;pﬂdtonsa It is also a function of
the density of the absorber gndiin'order to remove this dependence
on physical state it is usuai tal consider the mass absorption
coefficient which is given by the following expression

I= Ioe"/“'m
where m is the mass per unit area of the absorber. From these two
expfessions it can be seen that the mass absorption coefficient
is equal to the linear absorption coefficient divided by the
density of the substénce. These absorption coefficients are really
the sum of two coefficients, thus

M=T + T

where C refers to absorption through photo effect and O to

36

scattering by electrons. However as Sandstrbm has pointed out,
in comparison with € ,0 is very small in the region of soft Xrays
and for heavy atoms and so, for the purposes of the present

investigation it may be considered that the mass absorption :

coefficient is a measure of the photo effect alone.
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A measure of the amount of energy absorbed by individual atoms is
given by the atomic absorption coefficient which is related to the

l
mass absorption coefficient in the following manner:

Ma ‘/“‘%
where A is the atomic weight of the material and N is Avogadro's
number.

Xray Absorption Spectra.

The interaction betweén a beam of photons and a particular

atomic system is characteristic of that system. It is selective in

the sense that photons of a certiin energy may be absorbed much

i
1

more readily than those with an energy which differs only by a

small amount. The mechanism oflthis absorption of energy is a

(
1

change in the electrqnic structurc of the atom. An electron is
removed from its stat;.in the normAi configuration to a state of
higher energy; a state which is eﬁpiy or does not exist in the
normal atom. The energy.of Xray pgotons is such that these
transitions originate ffom'stﬁtqsiwell within the electronic
structure of the atom. The binding energy of electrons in these
states is so large that it is the initial levels which predominate
over the character of the absorption spectrum, whereas variations
in the energy of the final state have only a secondary influence.
Thus a plot of the absorption coefficient of a substance over a
wide,rénge of energy will show a series of discontinuities at

energies just sufficient to remove an electron from tle various

inner levels. Such an absorption curve is shown schematically in



Diagram 1.1. The "edges" are labelled in the same manner as the
initial level of the ejected electron and this indicates how
early detection of these discontinuities in absorption, together
with data on emission lines,}formed the basis for assignment of

electronic levels in at&msl.p

J
).

L

2, 3.

energy

ﬁIAGRAM .l XRAY ABSORPTIONV EDGES.

There will be many possibleEena levels for a transition of an
electron from an innér level and these possible transitions will
follow the usual pattern of such atomic phenomena, a pattern
which is conveniently_described by the various quantum number
selection rules, lHowever, as has already been mentioned, differenccs
in the energy of these various final levels exert only a secondary
influence on the absorption spectrum and this influence takes the
form of a structure on each of the absorption edges. From the
selection rules it can be seen that if the initial state is

characterised by the azimuthal quantum number L then the structure



r

on the absorption edge will depend principally upon the
distribution of available states with an (L+1) symmetry. Thus
the K edge structure will depend on\the available p tjpe states,
the Ljjj edge structure will depend upon the available d type
states and so on. There will also be a dependence upon the (L-l)
states but from a c&nsideration of Xray emission lines it seems
that these transitions are‘less probable and so dependence upon
(L+l) states will predominatez'j. Thus in an assembly of non
interacting identical at;ms an absorption edge will commence with
a converging series of maxima cqrrespondingito transitions of an
inner electron into the series of empty outér orbitals with the
relevant azimuthal-quantum ngmber. A monatomic gas approximates
to the condition ofjnon intera§£ing atoms and Par‘mtt/f has shown

that for the argon K edge just this type of structure is observed

(Diagram 1.2.)

X

o energy in ev, 10

DIAGRAM 1.2. K ABSORPTION EDGE FOR ARGON
(AFTER PARRATT)
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Since an inner electron has been removed the effective charge of
the nucleus is increased by approximately one and so the final
bound state of the electron will be similar to an optical level
of an atom of the next element up in the Periodic Table, that is
potussium in the particulur case meqtioned here. So far only the
case of an atom free from the influence of other atoms has been
considered, a case having limited applicability which does not
include within its scope most of the observed absorption phenomena.
Studieg are usually made on substances in the solid state in which

\ ;

there is an array of mutually interacting atows. The optical
levels will still be creuﬁed when,an‘electron is removed from
inside the atom but they will nonﬁe’perturbed by the field of
neighbouring atoms; The perturbation%of the most tightly bound
levels will only be slight and that only really effected by
immediately surrounding atoms. In thﬁs case;the structure of the
edge may be treated on a "molecular"lbasis. For example Hanson
and Beeﬁans have shown that the K ubsorptioq structures of the
manganese ion in solution and in many'solid manganese salts do not
differ in any essential fashion, indic;ti;g that the cause of this
structure is extremely local. Levels further outside the atom will
be much more disturbed by the lattice, becoming levels of thé
crystal lattice rather than the levels of a particular atom,
Electrons which were bound in the outermost discrete levels of the
free atom will now move "quasi freely" throughout the crystal in the

periodic potential field of all the lattice ions. They are only
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quasi free since they are still restricted to an energy range or
band, the width of which depends upon the exchange probability of
the electrons between individual atomic systems. Any electron
ejected from an inner level pf an atom in the lattice will have
an energy in one of these bands, which are separated by forbidden
energy regions. The two types of structure arising from the
lﬁcalised optical levels on the Bne hand and energy bands of the
crystal on the other uré termed .(ossel6 and Kron1g7 structure
respectively after th?lr flrs} proponents. The energy bands in the
crystal lattice will have a symTetry associated with them, derived
from their equivalent atomlp 1e$el, that is there will be s, p, d
bands etcetera; however the;e i;dividual bands may overlap or
other bands of a hybrid typé‘ma$ be formed in which there is a
mixture of symmetries such as a’(d+f) band. Thus the structure at
higher energies from the main aSsorption edge will be complex but
will givg information about the distribution of unoccupied energy
bands within the luttice, Jjust ag emission spectra will provide
information about the levels which are filled. Two points must be
remembered however; in the first instance the shape of an absorption
edge or an emission line does no£ give a direct picture of the
density of states since it is modified by the transition
probabilities between these states and the inner atomic states.
Jones and Mott8 write for the intensity of absorption or emission

- I(E) = N(E)T(E)

where N(E) is the density of states and T(E) the transition
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probability. A subscript shOUid ge placed on N(E) since it is
really the density of a particular type of states (s, p or d etc.)
which is involved. The second important point is that the density
of states occurring in the absorption process is that for the
particular case when there is:a vacancy in an inner level.and that
occurring in the emissibh proéess is for the case when there is a
vacancy in the valence or conduction band, if the emission line,
which is nearest in engrgy to thaﬁ 6f the absorption edge, is

considered. It is ihté}esting to note in this context that a study
0o .
of absorption lines and associat%d‘emission lines should indicate
) |

quite clearly the differencc;bet#een metals aqd insulators. In.the
-first case there is no gap béﬁweéh occupied and unoccupied states
and so the emission profile $h0uid come close to the absorption
edge whereas in the second case ihgre is a gap. This is illustrated
schematically in Diagram l.j3. The inner atomic level is marked X
and in the metal the Fermi surface refers to the boundary between
occupied and unoccupied states oﬁ the one band. The ordinate in
these diagrams which represents the energy of the jumping electron
is not drawn to scale. As has been pointed out by Parratt’ ‘such
"one electron jump" diagrams are not.a strictly accurate
representation of Xray absorption and emission processes since
rearrangement of other electron states also occurs. The absorption
or emission of Xrays results rather in a change in the electronic

system as a whole, albeit the major part of this change involves

just one electron,
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DIAGRAM 1.3, SCHEMATIC REPRESENTATION OF EMISSION AND
ABSORPTION FOR INSULATORS AND METALS.
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s
As an overall description of;absorption edges Kiestra? has

summarised hié experience as%fol}ows:
"(a) In a region close to the edge the behaviour of the
absorption coefficient is-@ainly a property of the
~atom in question,
(b) In the foilowing region the fine structure is
determined by the immediate surroundings of the atom.
(c) In the region of higﬁest energy, the fine
structure depends essentially on the whole crystal
lattice".
The extent of these regions will depend very much upon the
substance studied. Throughout, the physiﬁal process is the same;
the distinction arises in the factors which must be considered

and the consequent technique which must be employed in order to
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obtain a viable mathematical description.

So far in the discussion no mention has been made of the
possibility of Xray absorption lines other than those associated
with the absorption edges of rare gases. For such lines to exist
there must be a high density of available states in a narrow
region of energy. This situation will arise when the influence of
the atom predominates over the influence of the crystal lattice,
a situation which would be expected to occur for a transition
series of elements, that is a series in which an inner electron

t :
level is partially empty. But for the three series which involve
the filling of d levels there is still some exchange with
neighbouring atoms as these levels are not really buried within
the electronic structure of the aiom. Thus although the density
of states is considerable the resulting absorptior. line will be
fairly broad and not clearly resolved from}the edge. These lines
will appear on edges due to transiti;ns from p levels (eg. L;j Ljij
Mii Miii) and in fact have been observed by|many experimenters.
For the lanthanide series of elements, and also for the actinide
series, the phenomena of absorption linegﬂis much more clearly
demonstrated since the vacant level involved here is well buried
within the electfonic structure of the atom and so the absorption
lines should be sharp and well removed from the edges. The vacant
inner levels are f type and so absorption lines are associated

with the Mjy and My spectra. For the rare earth series such lines

huve been observed by many experimenters since 1931, when
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Lindherg10 discovered them for’ytterbium and erbium, but these

will be dealt with more fully below.

Previous Measurements of M Absorption Spectra.

Most of the early measurenents of M absorption edges were made
with a single plane cr&stal spectrometer of a type originally
designed by Seigbahnll. Detection of the Xrays was made
photographically and measurements of the wavelength position of
the edges made by including referénce lines on the plate which

was then examined with a tr&velling'microscope. Later

microphotometer curves were made from the original photograph.

b

In more recent tinmes cqrved crystal spectrometers of the Johann12

type have been employed but in all the work on thke N absorption
spectra of the rare earths and elements above in the Periodic
Table the technique of photographic detectﬁon has been employed.
The absorption screené used-invthese investigations were
prepared in different ways. At first solublL salts were employed
and the screens prepared by dipping filter papers in concentrated
solutions of them, Other foils were pfep;red by grinding the
metal or compound into a fine powder and then mixing it wiph a
lacquer or some other solution of organic substance which formed
a skin once the solvent had evaporated. Examples of substances
used in such a preparation are collodion in ether and celluloid
in amyl acetate. Some metal foils have been prepared by rubbing

the metal on a piece of paper, others by evaporation or cathodic

sputtering in vacuum. Sometimes metal foils of the right thickness
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were obtained by treating conpgratively thick foiis with aqua
regia.

The first examination of M absorption edges was made in 1919
by Stens£r8m13, who determineq the wavelength positions of the-Mv,
Mjv and Mjjj limits foy hraniém and thorium, used in the form of
soluble nitrates. Costerl4 me;sured the Mjj..and Mj edges for
these two elements and ;lso the M,, Mj, and Mj;; edges for bismuth
in 1921, Thls author notlced that there was a discrepancy between
h;s observations for the wavelqngths of the My and Mjy edges of
bismuth and the values obtaxned Irom calculations based on the L

emission and absorption resuLts.i[hese calculations can be

summarised by thevequations :
Miv"l-iiif"'llﬁl ,
or Mjv = Ljiji -er(z
and M, = Ljj; - Ldl
However it was assumed that the discfepancy was experimental in
origin. in 1923 Rqss15 reported tﬁe five M edges for thorium
again using the solubie nitrate, The next element to be studied
was tungsten by Zumsteinlé in 1925. Powdered tungsten trioxide.
mixed with collodion fbrmed the screen and the anqmaloﬁs wavelengths
of the M, and Miv'were noted. Two years later with the same
“équipment Rogersl7 measured the M series absorption spectrum for
osmium, iridium and platihum. All thé edgés, with the exception

'Mj for iridium and the M;; for platinum were detected using 0s0y,

IrCl3 and PtCL4 dissolved in a mixture of collodion and ether to



form the absorption screens. Two types of absorption Qere
reported: "white line" absorption and limits separating two
regions of unequal darkening on the photographic plate. Rogers
also reported a similar discrépancy for the M, and Mj,
wavelengths as that noted by previous workers and suggested that
it may be dué‘to errors in the L data which would lead to large
errors in the calculated M values, and also in some part to the
fact that compounds and not pure metals were used. Continuing
the work at Iowa, Johnson18 %nvestigated the M absorption for
metallic platinuﬁ and gold. All the;edges with ihe exception of
the gold M;; were detec@eé;and the-ahomuly for the M, and M;,
was once more apparent,’No "whité‘Lipes" were observed for
platinum as they had been by Rogers.iln 1929 Lind»erglQO commenced
a survey of the My, Mjy and Miii!aBSQrptioq edges'for the group
of heavier elements from tungsten tqiuraniJh. Of these elements
platinum, gold, thallium, leud, bismuth and ‘tungsten were studied
in the metallic‘state; uranium, thorium, lead and tungsten in the
form of oxides; and mércury in the forw qf its chloride and
sulphide. The discrepancies obtained forllhe edges were tabulated
and an explanation of fhese differences, following that of
Siegbahn19, was suggested. According to Siegbahn the normal
selection rules should hold for the_absorption process and so the
end levels for the L edges will differ from those for the My and

Mjy edges. A fuller discussion of this discrepancy is reserved

for a later chapter. Lindberg detected slight differences for the
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edges in pure metal and compound. These were of the order of one
or two electron volts, the 1argest #eing_about 4e.v..for uranium
in the metal and oxide. In 1931 Whiémerzo extended the elements
studied to tantalum, reporting the My, Mjy and: M;;{ edges, and
Krafft21 examined bismuth, lead, tha;lium and gold and reported
secondary structure associated with the main edgeé which was taken
to be due to éimple ionisatidn 6f the atom. The subsidiary edges

were found to be mainly on the low energy side of the principal

edge and it was suggesfed‘that they may be associated with

[ | o i

Lo 1 4
transitions into the empty 0. level. All four elements were studied
in the metallic state And also in the compoﬁnds BiCl;, Pb(NO;)z,
Tl(NOB) and AuCl;. Rhelps22>made.a'careful study of metallic

bismuth in 1934 and verified large discrepancies for the My and
' |

Miv edges whereas the other three'edges were found to agree with

calculated values. Photographic work on the M, and Mj, edges of
protactinium was carried out in i936 by Dole jsek and Kunzljo;
these authors réported:that there was no discrepancy between their
measurements and valués calculated from L spectra., In 1939
Polazek23 carried out measurements on gold, thallium, lead,
bismuth, thorium and uranium. The M, edge was measured for all six
elements and the M;, for uranium and thorium. Pure metal foils
were used except for uranium and thorium when oxides mixed in a
zapon skin were prepared. A structure on the edges was reported

and in all cases the energy of the edges was found to be

anomalously high. Also in that yeur McGrath24 first reported the
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Mij and Mj edges of lead and also measured the differences

between the My and Mjy edgés for gold in the pure metal and in a
gold-copper alloy, reporting a shift to higher energies of

2.5 e.v. for the My and 6.8 e.v. for the Mj,. The former was
substantiated with more observatéons than the latter, and taking
the change in the lattiqé constant into consideration McGrath
suggested that the shift for the M, was probably about 4 e.v.
Since 1939 few investigations into the M absorption edges of the
heavier elements have been carried out. In 1952 measurements were
made by Doughty and McGrath23 on ihe My and Mj, edges of tantalum

tor which they obtainedealues}qarkedly different from those of
Whitmer. An investiggtion wasiqarried out in 1957 by Mande26 on
the My, Mj, and Mj;;j edges of hlete;ilic gold. The M, edge of '
plutonium was reported by Bob;n aqd Despres38 in 1961 and more
accurate measurements were carried;out oh this metal in 1963 by
Cauchois, Bonnelle and de Bersude;Bl who feported all five M
edges together with line absorptiohs accohpanying the My and Mjy

i
edges. The results of the work mentioned above are summarised in

Table 1. (Page 97) ; h

As has been previously mentioned, line absorption in the rare
earth series of'elements was first detected by Lindberg in 1939 .
In 1945 Rule?7 observed such a phenomenon for samarium and in this

28 observed the lines associated with the My and

department Zandy
" Mjy spectra of praseodymium, neodymium, samarium and europium and

since that time an extensive survey of this absorption phenomenon
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.

has been carried out by ‘his departmentzg.

The Present Investigation,

The purpose of this investigation was two-fold. In the first
instance the role of the vécancies in the 4f shell in the line

absorption of the rare earths was to be clearly established by

y

studying the My absorption!line for ytterbium in the pure metal

and in a chemical compouhd; %ince‘its outer electron structure in

the metallic state37 is 4f146g2 there should be no line, whereas

in compound it is normally,§yivalént having one gap in the 4f

shell giving rise tq a sihgle abs&rption line., The second part of
. ' .

the work was to be an’gttempﬁ to close the gap, in the study of

8 ,

heavier elements, betwéen tg;§e whicq exhibit the predominantly

line type of absorptioA anq tﬁose whfﬁh éxhibit the edge structure,

This was to be done by a careful examination of ytterbium,

lutecium and hafnium for any éége absorption and finally a study

of tantalum to afford a comparison between this and previous

work.
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Xray Spectroscopy with a urved Crystal Spectroﬁeter.

As has already been indicated thé first Xray sbectroscopy to
be carried out in this,labofatory was performed by Zandy28. In
that investigation a curv?d_crystal spectrbmetér of the Johann12
type was used and thé‘Xradiation was detected by means of a
photographlc film, This type of spectrometer, in which the Xrays
are reflected from the surfacL of a curved crystal, is more

suitable for work:yiéh soft rqdiation than the transmission type

32

S

of Cauchois””, anarc;nsequﬁnfly hﬁs found much use in this
laboratory. The principle of}tﬁe spectrometer is illustrated
schematically in Diagramf2.i1§ﬂ& anaiogy with the grating
spectrometer used in the ppt%cal region the focussing circle is
termed the Rowland circlé: Tﬁe crystal ié bent so that it forms
part of the surface of a cylinder of radius R. The Rowland circle
is>thgn a circle of diameter‘Rt#hich passes through the midpoint
of the crystal and its centre:bé curvature. The focussing
properties of this arrangemen?ﬁare indicated in the diagram and
are such that a poiﬁt source»of Xrays situated at S, will give a
focussed line at Sj of wavelength A, given by the Bragg
relation: |

nA = 2d sinf
in which n is the order, d the lattice spacing and § the angle
between the reflected beam and the tangent to £he reflecting

lattice plane., Similarly a source at S2 will give a focussed line

at S5 of a different wavelength 'A§° The focussed line is
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péfpendicular to the plan: of the diagram and arises because the
crystal is only curvedvin one direction.'Theoreticaliy it is only
possible to achieve perfect focussing with an extended cryétal in
which the reflecting lattice planes are curved to a radius twice
that of the Rowland %inclé and the front surface of which has
been groqnd out to a:radius eﬂual to that of the Rowland circle.

However the simple curved crystal was used in these investigations.

In photogpapﬁiczwork a region of wavelengths is examined

with one exposure and so a@éohtinuous source from S) to Sy, for
example, is required. This m$y be achieved by placing a line
source inside the Rowland ciiéle as indicated in the diagram. In

|
this case no parts of thd'sp?ctrometer need to be moved during
I

exposure, The absorption?scr§en is placed between the source and
the crystal and a picture of the absorption of the material over
a féirly wide wavelength region?is obtained. If a Geiger or
proportional counter is employe& as detector, however, the
absorption coeffiéient withi&‘é‘very small wavelength region,
defined by the slit in front of the counter window, is measured.
To obtain an absorption profile over a wider range the detector
ﬁust be moved in measured steps. If a line source stationary with
respect to the crystal is used then the wavelength region which
can be investigated is limited by the length L L'. If a moveable
line or point sourcelis used then the region is limited by the
lattice spacing of the analysing crystal. In this case the

maximum wavelength observable.is equal to twice the spacing of the
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reflecting lattice planes, although the physical dimensions of
the various components ofvthe system qsually limit the range to
a value less than tﬁis. Since with a ;rOpgrtional counter an
accurate measurementéof‘the i;cident ;nd transmitted intensity
can be made, this tech@iqug is to be preferred to that employing
photographic detection, It is difficult to correct the
photographic 6bservation;f§r Qariggiohs of intensity along the
line source and absolute‘iptgnsity ﬁ;aédrements by film
calibration would show an %rrér of about 4%. From this it can be
seen that values 9f relati%e absorption coefficients obtained in
v éuch a manner wouid bé in\2r§or 5y about 10% and be sdsceptible
to fluctuations in target émifsioh. The errors involved in
converting relative values ofithe‘absorption coefficient, by
weighing the absorption écréen; w;uld be the same for both
techniques. Examination of tge photographic film by microphotometer
will brqaden any structure in the same way as does the élit in
front of a counter window. If the film is placed round the Rowland
circle broadening wiil arise from the oblique incidence of the
Xrays. Other film positions are tangential to the Rowland circle
or perpendicular to the Xray beam and in both these céses
broadening will occur due to slight defocussing. Borisov and

NemOShkalenko40

have pointed out that the three main geometric
conditions giving rise to line broadening are inaccuracy of
focussing of the rays at the point of observation; verticak

divergence of the beam; and oblique incidence of the beam on the
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photographic film. For tle cuse of counter detection this latter
is replaced by the effect of the detector slit. If £he spectrometer
is set at a Bragg angle 9 then the wavelength broadenings due to

these three effects are g}vén by the following three equations:

(i) A)_Ll, = x%d cotd cosb

I
i

16nR

(ii) a )$2 = h%i cot® cos@
o 16022
(iii) A)\fj = _qd_cotf
A AR

S '
where R is the radius of the Rowland circle, x and h the width and

height of the crystal, q?the

width of the Qetector slit, d the
lattice spacing, and n the o;der. The firgl two expressions are
basically those given ié'thé paper feferred to above and the third
is derived from straightéorward geometric considerations. These
effects together with others iﬁqludipg diffraction and diffuse
thermal scattering by the crys#él go to make up the overall spectral
responsé or "spectral windoﬁ"zég the spectrometer. The absorption
profile obtained is then the f&ld of the true profile with the
"spectral window" or apparatuq function. The influence of the
"spectral window" on the choice of thickness of the absorption
screen is discussed later in the chapter. For the present it is
sufficient to note that interpretation of the observed absorption
structure in terms of the widths and distribution of electron

states must be made with caution.

For the present investigation a spectrometer was designed
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using a point source s!tuated on the Rowland circle. The position
of the source.was fixed with respect to the base of.the spectrometer
and the positions of the crystal and detector were controlled by a
system of gears such that the angular movement of the detector was
always twice that of the crystal. The reasons for this choice of
design are discussed #n;the detailed description of the instrument
given below. The absorptioé 6f soft Xradiation by air is such
that spectroscopy in this Jfgioh must be carried out under vacuum
and for this purpose éhe spéctrémeter was enclosed in a large
cylindrical steel tank ﬁﬂgch wa; evacuated by an oil diffusion

i

pump and a rotary backingﬂpump.: i
Vo . \
i I t'l

Experimental Equipment.
N . f '

! E :

Electrical Apparatus: ' !

The general arrangeﬁent of the electronic equipment associated

with the spectrometer is illéstrated in block form in Diagram 2.2.
The spéctrometer was opergted in the second order and pulses from
the proportional counter were fed via a cathode follower into a
wide band amplifier (I.D.L. Type 652) containing a discriminator
circuit by means of which pulses, resulting from the lower energy
first order Xrays, wefe eliminated. The amplified pulses passed
into a Triple Gate Ratio Counter (Labgear. Tybe D4107) which
incorporated a source of 100 pulses per second which was connected
| to‘a Dekatron Counter (Labgear. Type D4104/B) and used for timing

purposes. The case of the proportional counter was held at a
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negative voltage of 1.4 kv obtained from the E.H.T. unit
(I.D.L. Type 532/A). The Xray source was driven by a 0 to 5 kv
stabilised E.H.T. unit (A.P.T. Mo&el 5705/1) operuted in
conjunction with a stabilised.filament supply unit (A.P.T. Model
5706/1), the filament qf the Xray tube being held negative and
the anode earthed. The mains suppiy to E.H.T. and filarent units
and to the oil diffusion pumps was controlled by a relay system
which tripped off if the’cooling water circulation failed., The
érrungement of this pfotectiop circuit is shown in Diagram 2.3.
. The pressure in tﬁe‘deuum sygtém was mea?ured by means of a
Penning gauge (Genevac Type P.N.G.l). |

The Vacuum System.

J

The spectrometer was mounted in a cylindrical steel tank.
This tank wﬁs made‘up of a base}plate l% inches thick and 25 inches
in diameter; a cylindrical wali % of an inch thick, 8 inches high
and 23% inches internal diametér; and a lid % of an inch thick
and 26 inches in diameter. yacdum tight seals between the three
cbmponents were effecfed by two large rubber rings set in retaining
grooves. All connections to the tank were sealed in a similar
fashion with rubber "0" rings. The system was evacuated by an oil
diffusion pump and a rotary backing pump to a pressure better than
10-4 nmm of mercury. A water cooled baffle valve was mounted
between the diffusion pump and base plate so that the system could
be let down to air without waiting for the diffusion pump to

cool,
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The Spectrometer.

The spectrometer consisted essentially of three.parallel
sided brass arms pivoted on a central steel column., These arms
carried the detector, crystal and Xray source on a Rowland circle
of 40.6 cms diameter.lfhe first two arms were attached to gear
wheels and were supported on three flat brass pads so that the
bearing on the central column was not subject to strain. The arm
carrying the Xray source was bolted to the base piate of the
spectrometer and consisteg Of'a qifcular plate with the arm
protruding'from one side. The ciécular portioh formed the run for
two of the crystal arJ“supporb kgds, the third resting on the
spectrometer base plate. The #éérg on the counter and crystal arms
were driven by a system of smalle} gear wheels coupled to a spindle
which passed through the base df the vacuum tank. The base plate
of the spectrometer was located on the Lottom of the vacuum tank
by three brass stubs. Both the counter and the Xray source were
fixed on rotating mountings and were pointed towards the crystal

by steel tapes which were driven‘bykpglleys. The scale was marked
off in half degrees and was bolted towthe counter arm, The
fiduciary line was fixed to the anode arm and well illuminated
thus enabling the scale to be clearly visible through the.perspex
window in the lid of the tank. With this arrangement of the scale
and fiduciary line a change of one degree in scale reading was

equivalent to a change in the Bragg angle of 15 minutes. A plan

view of the spectrometer is shown in Diagram 2.4., and the
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arrangement of the systew on the central column is illustrated
by the partial section in Diagram 2.5. A system of géars outside
the vacuum tank was arranged so that four revolutions of the
drive handle changed ﬁhe scale reading by one degree. This system
could be moved out of mesh so that the spectrometer could be

quickly adjusted to another wavelength region by direct drive.

The Xray Source. - 4\

i
i

- The source of Xrays wasip sloping anode point focus tube,

giving an increased intensityyat %he detector over that of a line
source for a given tube cﬁégeht aﬁd voltage. A brief study was
made of the variatiop;of ihfensit& received at the detector when
the spot source of Xra§s waé!moved towards the crystal. The
intensity was fouﬁd to fall ?ff, foll%wi%g‘fairly closely a curve
calculated from simple geometric considefations, in which the
soufce was reduced to ohe dimggsion. For a Bragg angle of 45
degrees and the condition of tﬁe counter slit width being equal

to the spot width the theoretical intengity was found to be

governed by the following ecquation

1

2
Iy, = Ip R (L - 0.17x)

R— '—
(ﬁ x) (RV2 - x)

where IR is the intensity with the spot on the Rowland circle, R

"the diameter of the Rowland circle and x the distance moved in
from the circle. The term 0.17 is determined by the diameter of

the circle, the width of the crystal and the width of the counter
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Qlit and spot which was put equal to 0.8 mm in this case. This
expression is only applicable over a range fairly close to the
circle, a range extending for about 3 cms in this particular
instance, after which the intensity decreases less rapidly. A
graph of the decrease in intensity is given in Figure 2.1. and
it can be seen from this that the range of movehent is somewhat

limited, indicating that the agreement between theory and

experiment cannot be taken to have been rigorously demonstrated.

o experiment.

~. theory.

N 1 N | 1 i 4
| 2 3 X in cms.
FIGURE 2.I. INTENSITY VARIATION WITH SPOT MOVEMENT.

However it is clear that, for a source ot given total power,
higher intensity is obtained if it i§ in the form of a point focus
situated on the Rowland circle. Mo;e aetailed calculations have
been carried out by Wienmann33 from which it can be seen that for
an extended source of given power per unit length greater
intensity is obtained if it is moved near to the crystal. These

" two cases are illustrated by the graphs shown in Figure 2.2,

From these curves it can be seen that for a line Xray source the

intensity received at the detector is increased by a factor of
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approximately two if the :source is placed immediately in front

of the crystal instead of on the Rowland circle.

a spot sizes.
a 0,008 cm. )
l >
»T b 008 cm, | ..“_;
g b c 3.2cm. §
S , £
£ : b
> | 2
o ! xtal , @ xtal
'; : s - [} oW ]
- C i { L] |
1 9 " (I 1 I :
10 20 «x.in ‘cms. 10 20 x. in dms.
SAME TOTAL POWER. i SAME POWER PER UNIT

S LENGTH.
FIGURE 2.2. INTENSITY VAmmoﬁll'fwnH SPOT SIZE AND POSITION.

b34 and Oosterkamp35,

llowever, as has been poinged ?ut by Goldsztau
the.loading'capacity (ene;gy absorbed per unit area) of a
par@icular target material is ingreased as the area bombarded by
electrons is diminished. They héQe shown tﬁat if the radius of
the spot is reduced to dimensioné much smaller than the thickness
of the anode then the loading bapacity is inversely proportional
to the radius. Thus a spot of 15 microns diameter can be loaded
30 to 40 times as high as a spot of about 3 mm39. It follows

from this argument that for a detector which is set at a
particular wavelength, greater intensity is registered with a
fine focus Xray source placed on the Rowland circle than with a

Fine source set near to the analysing crystal. Ideal conditions

will obtain if the width of the source spot is equal to that of
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the detector window,

The Xray source used was a modification of that-described
by Ehrenberg and Spear39, and is shown in Diagram 2.6. The
hairpin shape;i tungsten wi;re filament was situated in a Vm of
an inch hole in the Hottomﬁof a copper tube to which a negative
bias was applied. This acted as a grid in suppressing emission
from the sides of theéfilamenti The flat bottom surface of this

grid was placed 7 tho&sandﬁhs_qf an inch from the anode which

S ' P .
consisted of a slab of platjnum silver soldered into a water

cooled brass cylinder. The complete Xray source was mounted on a
rotating aluminium cylinder diiven by a steel tape which passed

‘ l
round a pulley mounted onétheﬁcentral‘column of the spectrometer

[ 1
and attached to the crystél arm. The ratio of the diameter of

(.
the pulley to that of the aluminium cylinder was so arranged
thaf once the Xray source wasvpainted at the crystal it remained
so pointed for any setting of th; spectrometer. Incorporated
in the source mounting were twglperpendicular slides moved by
screw threads attachéd to flexible drives. This arrangement
enabled the source to be moved in the direction of the Xray beam
or trangverse to it. Thus once the axis of rotation of the anode
assembly had been set in its position on the Rowland circle then
under running conditions the source could be moved transversely
antil maximum intensity was registered by the detector. The

method of setting up, which will be discussed later in the

chapter, proved guite satisfactory in that over the range of
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operation of the spectrom:ter the spot, once adjusted, wandered
only b& a negligible amount from this position. The ﬁovement
towards the crystal was incorporated to facilitate the preliminary
investigation mentioned apove. No attempt was made to produce a
really fine focus ery.soqrce but the present design was easy to
construct and use and consistently produced a spot of about
0.8 mm diameter. A.piot of thé ihtensity variation across the
spot situated on the;Rowland circle and moved 3.6 cms towards the
cry;tal is showh in figurewZ.j. Tﬁe'foil holders were also mounted

on the anode assembly and the movement of foils in and out of the

Xray beam was effected by a dhird flexible: drive.
' |

(-]

counts/sec 5 ?o o
: i
300 F o °
o
(-]
o
200 |
o
[+
X X X x
X
° X
100 F X
X
X
X o o X
X 1 1 L X
I 0 | mm.

FIGURE 2.3, INTENSITY OF XRAY SOURCE.

Parratt et al44 have shown that the best positions for the
absorption foil are directly in front of the Xray source or in
front of the detector and that with respect to the value of

transmission obtained there is no appreciable difference between
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these two positions. Because of tne number of leads and flexible
drives required for the anode system it was decided that this
component should be fixed relative to the spectrometer base and so
it was also chosen for the mounting of the foils. Those ftoils
prepared in the main evgpordtion plant were mounted on the windmill
foil holder shown in Diagram 2.6. This foil holder could carry six
pairs of foils, which were held in th;‘Xray beam by means of a
spring loaded ball bearing a%d twelve locating sockets. When the
evaporation plant connéct;d to theQSpéctrometer tank was used only
a single couted foil was prepared And this, together with a piece

i
of uncoated plastic, was mounted in Lhe single holder which is also
|
shown in Diagram 2.6. This holder clfpped into a frame mounted on
the anode assembly and moved to éhe éwo required positions by means
of a rack and pinion.

The Crystal.

A crystal block and mica crystal already used in this
department was fitted to this spectrometer. The crystal was clamped
between two steel bloéks which had been lapped together to a
curvature of radius 40.6 cms. The two blocks were held together by
four screws which allowed some adjustment of the bending of the
crystai. The mounting of the crystal block onto the spectrometer
is illustrated in Diagram 2.7. The mounting was constructed so
that the block was perpendicular to the crystal arm, however the
adjustment screws indicated in the diagram ensured a certain degree

of rotational freedom about three perpendicular axes, one vertical
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and two horizontal, so that any small constructional error could
be corrected for. The wavelength range to be investiguted was
between 5 and 9 kxu and for this range mica, with its lattice
spacing of 9927.58 xu is an'extremely suitable crystal. It is
readily cleaved into thin sheets which may‘be bent without
distortion, and it is-stuble uﬁ&er vacuum, Mica has, however, the
disadvantage of having a lattice spacing which varies slkightly

from specimen to specimen, but the particular specimen used in

1
1i

this spectrometer has been founh nost reliable by many workers in
this laboratory. The crystal arm Yas attached to a five inch

diameter geur wheel the drive fbriwhich was tauken from a gear box
bolted to the spectrometer base pl;te. The operation of this gear

|
box can be seen from Diagrams 2.4 bnd 2.5.

The Detector.

A sealed proportional counter was employed as detector. It
was manufactured by 20th Century Electronics and wus filled with
a neon-methane mixtqre. The window material was beryllium one
thousandth of an inch thick, and the window size was 9 by 1 mms.
The counter and its mounting are shown in Diagram 2.8. Some
preliminary work was done with an aluminium windowed counter but
it soon became apparent that the situation of the aluminiuﬁ K
absorption edge (7935.1 xu) within the wavelength range to be
investigated was a considerable inconvenience. To muke measurements
on the high energy side of this edge extremely low count rates had

" to be contended with. The beryllium windowed counter was operated
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at 1.4 kv and the pulses were fed via a cathode follower to the

amplifier and display units. The slit in front of the counter
window was situated on the axis of rotation of the mounting and

was set to a width of 15 microns, which is equivalent to about

0.4 xu in the middle of the WQﬁglength range investigated. The

detector moﬁnting was orientated by means of a steel tape passing
round a pulley fixed to thg central column of the spectrometer.

The counter arm was attgchkd to a five inch diameter gear wheel

driven in a similar nanner to the crystal arm. A ten inch diameter
. ‘ .

"

divided circle was bolted on top of the counter arm and this was
|

: A
read with reference to a fiduciary*line fitted to the anode arm.
. ! )
‘ [

Preparation of the Absorption Screens.

Absorption screens of allathelsubstances, except hafnium oxide,
were prepared by evaporation onto a mglinex substrate 0.25
thousandths of an inch thick. The hafﬁium oxide.screen was preparcd
by mixing this substance, in a fineiy;powdered form, with a solution
of collodion in ether. The mixture ;as spread onto a glass plate |
and allowed to partially dry off. A selected piece was then
stretched and mounted in the foil holder. Such a screen could only
be used to provide information concerning the wavelength position
of absorption structure and not for absolute measurements of
absorption coefficient. The evaporated screens were used for such
absolute measurements, an uncoated piece of plastic being cut from
the sheet adjacent to the coated portion and used in conjunction

with this coated piece to obtain a measure of the transmission of
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the evaporated layer. The evaporation was carried out in an
evacuated chamber described préviously by both Russell and
Williams29. A photograph of the base plate of this chamber is
given at the end of the chapter. The substance to be evaporated
was loaded into a tantalum boat above which a sheet of melinex
was placed. The melinex was masked by a brass plate in which four
holes, a %4 of an inch in diameter, were cut. The plastic was held
about 6 cms from the tantalum boat and so arranged that the
centre of the line of holes was directly over the centre of the
boat. A preliminary weighing of four screens prepared in this
fashion showed that those dué:to the‘tw§ innermost holes were
almost equal in weight as were thosé'dug to the two outermost
holes, but the former wer: slightly hea;ier than the latter.
Thus, when selecting two foils for anvabsorption run, either of

: ; I
these sets could be used. A selected fofl‘was mounted, together
with a plain piece of melinex, on one of the 5ﬁctions of the
windmill foil holderf This method of preparatidn was found to be
satisfactory for all substances except lutecium oxide and
ytterbium metal. In the first case the highliemperature required
to produce appreciable evaporation also caused some evaporation
of the tantalum boat. This was clearly shown by the absorption
curve obtained. In the second case the ytterbium metal foils werc
found to contain an appreciable amount of oxide. This muy have

been due to the gradual heating of the metal arms which supported

the tantalum boat. Such a heating would give rise to continual
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outgassing which would be difficult to eliminate. Further
oxidation may have occurred in the transport of the prepared foil
through air from the evaporation chamber to the spectrometer tank.
However, the degree of oxidutionzwas considerable and, as_it was
later observed that the methi readily formed a thin protective
layer of oxide which prevented further oxidation, it is aoubtful
whether this latter was theisole cau;q. The manner in which the
amount of oxidation was qsséssed will be discussed in the section
dealing with the ytterbi;m result§‘in tﬁe.next chapter.

To overcome the difficulty eﬁcbuntered in the preparation of

'

pure ytterbium metal by the method &utlined above: a new

evaporation plant, connected to the;spectrometer tank, was
designed and constructed. This éystém enabled the whole process

of evaporation and subsequent transfer into the spectrometer tank
to be carried out under vacuum. The edeoration chamber, which
could be isolated from the spectrometer tank by means of a sliding
Vahe valve, was evacuated by an oil diffusion pump backed by a
mechanical pump. A liquid air cooling trap for the diffusion pump
was constructed with a conical system of fins mounted on the
bottom of the coolant container and directly over the pump orifice.
By this device the backstreaming of oil vapour was considerably
restricted. Mechanicual baffles of this type have been described

45

by Morse ™, who found them extremely effective, and in the case
discussed here no evidence of o0il was found in the system

throughout its usage. The diffusion pump and trap were bolted to
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a lug at the edge of the ;id of the spectrometer tank and a brass
bellows joint provided some flexibility im the conneétion between
this unit and the evaporation chambgk. The qltimgte pressure
achieved by this pumping s}sﬁem was less thén 5.10"6 mms of
mercury. The evaporation chamberiis shown in‘Diagram 2.9, The
- thick aluminium plate between tﬂé sliding vane valve and the lid

of the spectrometer tank also cbntained\a\pgrspex window through

which the scale was read and the?fqil position checked. The

ytterbium metal was placed in a small tube made from tantalum

sheet. This tube was mounted on thin pieces of mica inside a

t
oo .

horizontal glass tube which acted as a shield for the larger
vacuum tube of the chamber. The tan?alum oven was heated by a
radio frequency induction coil fed #rom‘a Radyne R.f. unit. A
flat copper ring was placed roundétpé outer glass tube to shield
thebmetal parts of the chamber from the field. Thus only the ovén
was heated and by careful placing of the coil, and control of the
power output of the R.f. generator this could be successfully
degassed prior to evaporation., The foil holder was hooked 6nto a
long steel rod passing through the top of the chamber and after
evaporation this was lowered and tﬁe foil inspected through the
vertical glass tube. If the foil was.satisfactory the sliding
vane valve was opened and the holder lowered into the previously
evacuated spectrometer tank until it clipped into the frame on

the anode assembly. It did so with the coated foil in the position

of the Xray beam, and by moving the frame so that the blank foil
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was in this position the holder was unhooked from the carrying
rod which could then be lifted back into the_evapor#tion chamber.
All evaporated foils were wefghed on.a micro balance. The
foils were cut out with.a circular punch and the weight of the
uncoated plastic subtracted froh the weight of the coated. In
choosing an optimum thickness of aﬁsorption screens for the
recording of absorption structure two main factors must be taken
into consideration. Tﬁesé are the effecté of thickness on the
error of a single;absorptién mea;urement and on the resolution of
the structure. The'firét f@ct&? has been qon;idered by Rose and
Shapiro41 for the coﬁditioq of 'constant bﬁckground radiation, and
by Nordfors4? for the case when the background is affected by the
absorbér. This lagter is a more accurate assessment of the
conditions arisingvin Xray specéroscopy, but in the present
investigation no correction was #ade for the absorption of
background radiation by the foil, The second factor has been
investigated by Parrétt et 9143. From consideration of counting

41

statistics alone it has been deduced”™ that about 10% minimum .
transmission is optimum when the background is low and this gives

the expression

for the optimum mass per unit area. Thus for an absorption

coefficient of 2500 cmz/gm the optimum thickness would be

43

approximately 1 mgm/cmz. However Parratt’™ has shown that the

thicker the absorpticn foil the more the absorption structure is
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"washed out" by the action of the spectral window of the
instrument, and so to obtain a reliable profile of the absorption
structure the foil should be as thin as possible. Thus a
compromise must be made between the reduction of statistical
error on the one handland ﬁaithful reproduction of the avsorption
structure on the other. In.ﬁhe present investigation, which
involved an attempt to measureistructures that had proved
undetectable photog;apbically, the foils were made of the order
of 0.2 mgm/cm? wﬁié& iS someyhat thinner than that dictated by

statistical considerations alone.

C :
Setting up and Calibration of ithe Spectrometer.

The detector, source énd crystal were sgt on the circle
described by a radius of 26.3 cms about the central axis of the
spectrometer. The position of the crystal was then adjusted to be
tangential to this circle by obséfving the reflected image of a
pin set on the Rowland circle diametrically opposite to the
centre of the crystal. The crystél was rotated until this
reflected image was brought into coincidence with the object pin.
The source. and detector mountings were then pointed at the
crystal and the steel tapes fitted. With the electron gun removed
from the source a lamp was placed behind the detector slit and
the reflected image of the slit observed with a microscope. The
position of the axis of the anode assembly was then brought into
coincidence with this reflected image. This process was carried

out for the two extreme positions of the speétrometer, the axis
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being moved tangentially to the Rowland circle when the crystal
was furthest from the sourcevand radially when the tﬁo were close
together, When ho further adjustment was necessary other settings
were checked and found to ?e in good alignment. The gear box was
designed to be in mésh‘witﬁ the main gear wheels but its position
could be moved to correct fbr gny slight constructional errors.
The main drive througﬁ the basé of the vacuum tank was held in

an eccentric collar;‘éotation of which gave the degree of freedom

' Yy . B
)

necessary to ensure well alignéd coupling with the gear box. On
~completion of this setting Up%the spectrometer was put into
operation and various forms odﬁthe Xray source tested until

|

finally the design described above was adopted.
: | :

Ihitial calibration o}vtﬁe spectrometer was carried out with
the Ke() line of calcium. Thi; line was recorded in the third and
fiffh orders which appeared utréiﬁher‘ends of the region of the
scale which was to be used in absérption measurements. After the

_absorption measurements had beénvmade the observation of this
line in the fifth order was repeated and no change in position
detected. Theoretically.only one calibration line is required for
this spectrometer since the relationship between scale reading
and Bragg angle is given by

8 = x-5
A

and so, once the value of X has been established by obtaining the
scale reading S for a know#n line, other wavelengths may be

obtained directly. However in this it is usshmed that the system
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moves perfectly, always maintaining the same angle between the
crystal and detector as between the crystql and sourée, that the
scale is perfectly inscribed and that the counter slit coincides
exactly with the axis of rqtation of its mounting. To check the
initial value of X obtaineéwith the calcium Ka(l line other
emission lines were eXamingé. These lines, together with the order
in which they were dggected; a;eIShown in Figure 2.4. A good
reference line shouéd be well dgfined in shape, easy to resolve
from neighbouriné fineg, ﬁnaffeéted by chemical effects, and easy
to produce. Such lines are éémrée, especiaily in the longer
wavelength regions, and sq{shékter wavelength lines observed in

|
higher orders have to be used.;Even so, of the available lines

only tﬁe molybdenum LeCy aad L;sl can be said to fulfil the
requirements set out above. Th; calcium compound used was sulphate
but'as there have been no measﬁﬁe&ents of the Koxj line in this
compound the values published for the oxide were used. The
wavelengths of the’calibration}lines together with references are

listed below.

Wavelengths of calibration lines.

Calcium (oxide) Kocl 3351.85 t 0.1 xu Haglund47

Silicon (oxide) K« 7108.5 * 0.3 xu Flemberg48

1
Mo lybdenum Ly 5395.35 * 0.2 xu Haglund47

-+

LKSL 5166.35 £ 0.2 xu Haglund4?

Platinum MK 6034

e+

1 xu Lindberglo
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The graph of the calcium K& lines in @he fifth order shows the
) and &< well resolved aﬂd the value of 3.10 xu here obtained
for their separation agrees weli with ;he 3.11 xu obtained by
( ‘

Haglund. The full widih‘at half maximum of the 041 line obtained
in the first observation was 1.85 xu add in the second 1.62 xu.
The discrepancy may be expigined in’that in the first instance
the coating on the anode ﬁés conéi&era?}y thicker than in the
second. The broadening duexyoithe geometri;AI effects was calculated
in the manner outlined on ngé 22 and found to be 0.65 xu.
Parratt4? has given the width of this line, corrected for the
overlap of the 0(2 line, as“0£92 xu and as no such correction was
carried out in this caiculation it can be seen that in the present
spectrometer, other broadgnipg effects are minimal.

The value of the sc;le ;qint X obtained for each of the

calibration lines is plotted against the scale position of the

line in Figure 2.5.

342°4s5’ a Ca.Ke, .5.
b E LR b Mo.La .3.
§c %d c Mo.Lp. A

4ol d Si.Ko, .2.

e Pt.Mex, .2,

f Ca.Ke, .3.

35t
| {,

SCAL‘E READING -8,

SCALE POINT-X

w
Q,
T
101
-

150° 200° 230°
FIGURE 2.5. CALIBRATION. :
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The vertical lines shown in this diagram represent the errors
quoted by the authors of the wavelength vglues used..For the
scale region 110° to 160° the wandering of the "zero" is very"
slight and the use of any one of the four lines in this region
for calibration would give wavelengths for the other three in
good agreement with those quoted above. It was in this region that
most of the absorption measurements were nade. At larger scale
readings the "zero" shifts appreciably and when calculating

wavelengths in these regions this shift was allowed for.

The Measurenent of Trangmission of the Absorption Screens.

The transmission‘of the fo;is was obtained for a series of
points through the range in Jhich the M absorption spectra was
expected to appear.‘This range was estimated from L emission and
absorption data. The résults are tﬁe aveﬁages for three such runs
throdgh the region. To ovércome aﬁy gradual drift in the intensity

|

the foils were examined for each pdint inra blank - coated -

coated - blank sequenée. The time for 1006 counts was taken for
each reading and the values of incidénﬁ.or transmitted intensity
for each wavelength setting were the result of twelve such readings,
Thus the standard error in each value of the transmission was

about 2%. The transmission measurements were corrected for

background which was counted for lO5 seconds at the beginning and

end of each series of measurenents.
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Discussion of Errors.

The errors affecting i.hese measurements may be divided into
two groups; those affecting the absorption coefficient, and those
affecting the wavelength values of the absorption structure,
although an uncertain?y inithe former will obviously produce an ,

'
'

uncertainty in the laﬁﬁer.
The standard error inAéhegmeasured transmission will give
an error in the absor%tion coefficient which is dependent upon
the mass thicknessé& o} the fqii, being given by
Apmya0.02

m
i

\

The method of weighing thevev*borated layers gave rise to. a
standard error in the mass%th%ckness of 0.017 mgm/cm2 and this
leads to a further error i;ktge absorption coefficient given
by the expression

Ay = 0.017
==L

Inaccuracy in the wavelengths arises from two sources, namely the
error in the reading of the scale and the error in the value of

the scale "zero". The scale could be read to 0.44 minutes throughout
but the error in the scale "zero" will depend very much upon the
region in which the spectrometer is being opérated. In the region
110° to 160° the total error will be of the order of %0.5 xu but

at larger angles it will be increased. The calculated errors
associated with the wavelength values and the mass thicknesses of

the foils are given in the next chapter.



PHOTOGRAPHS .

Plate 1. The Main Evaporation Plant.

The foil holder and mask are shown in pbsition above the

tantalum boat.

Plate 2, The Spectrometer.

The components shown are, from left to right, the counter

holder, the crystal mounting and the anode assembly,

Plate 3. General View of Apparatus.

The radio frequency generator is shown to the left with the
coil in position on the evaporation chamber. The Penning

Gauge Meter is shown on top of the spectrometer tank and the
Xray source bias control box is to the extreme right of the

picture.
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CHAPTER THREE: EXPERIMENTAL RESULTS .

Introduction.

Absorption Measurements on Ytterbium.

The My Line.
The Mjy and M, Edges.

The M;;; Edge.

The Mjy and M, Edges of some Heavier Elements.

Lutecium.
Hafnium.

Tantalum,

Foil Thicknesses.

Wavelength and Energy Values.




Introduction.

As was pointed out in the first chapter the scope of this
work extended to an investigation of the M, line absorptiéﬁ of
y?terbium in the metallic state and in compound, and a search for
the Mj, and M, absorpéion gdges of ytterbium, lutecium and
hafnium, together witﬁ a measurement of these edges for tantalum

1

to provide a comparisén with ptevious work. These investigations,
T .
the results of whiéb are shown below, were extended to include a

measurement of tﬁeIMiii edgetuf.ytterbium. All substances used in
the preparation of the absorpqion foils were obtained from
Johnson, Mathey and Co. and h%b a stated purity of 99.94%.
Measutements were made on £he;oxides of all four elements, the
fluorides of ytterbium andilugecium, énd pure metallic ytterbium.

The absorption coefficients of the compounds were first
calculated and these were then cofrected for absorption by the
oxygen (or fluorine). The absorption coefficient of these latter
was obtained from én_expression of the type

M CAM,

To obtain the values of the constant C and the exponent n the
absorption coefficients for short ﬁavelengths from the tables
compiled by Allen and published by Compton and Allison46 vere
used; A plot of the equations used for the absorption of oxygen
and'fluorine, together with the experimental points is given in
"Figure 3.1. The region of wavelengths investigated Nés well abovc

the K edges of these two elements and in such a region expressions
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of this type have been foud to be valid by many experimenters46.

100 r—/tlcmzlgm

FLUORINE p=50N>97

OXYGEN. p= 35 \293

Ain KXU
; L 1 L
1.0 1.5 : 20 2.5

FIGURE 31 ABSORPTION OF OXYGEN AND FLUORINE.

The corrected absorption coefficient of the metal was then

obtained from the equation

= b -
/(LA -‘?—7:——- '/Q'AB l(:-/“B

wvhere A, p is the measured coefficient,,AtB the coefficient

extrapolated in the manner described above, and a and b the

respective masses of A and B present in the compound. The

corrected values obtuined in this manner contain an additional

source of error in the uncertainty of /¢B, but since b is much

snaller than a for the compounds studied and since,ﬁ&B is usually

smaller than A4, a relatively large percentage error in A will
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only increase the error in A, by a small amount. An extreme
examﬁle is the absorption coefficient in ghe centre 6f the M,
absorption line of ytterbium in ytterbium fluoride; here a
change of 30% in the absorption coefficient of fluorine only
alters the corrected value for ytterbium by 1%. In other regions
the value will alter by up to 10%. However it is not antiéipated-
that the absorption coefficients obtained by this process of
extrapolation are in grror‘by such a large amount. The University
computer (Elliott 803) was prbgrammed to calculate the absorption
coefficients of tﬁescampoﬁndsuf;om the experimental data and then
with a second prograﬁme the corrected values, together with the

energy and wavelength position of each point, were obtained.

Absorption Measurements on Ytterbium.

The My Line.

The sinzle line absorption of ytterbium arises from an
electrohic transitioﬁvbetween the M, shell and the gap in the
4f shell and as has been iﬁdicated in the first chapter, sﬁch a
gap only occurs if the ytterbium atom is in a triply ionised
state.

The stud& of ytterbium was commenced with a measurement of
the M, absorption line for jtterbium fluoride and a plot of the
absqrption coefficients of this compound is given in Figure 3.2.

As can be seen from the figure the absorption line is sharp and

extremely pronounced, the absorption coefficient at maximum being
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FIGURE 3.2 M LINE OF YTTERBIUM FLUORIDE.
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a factor ten larger than tlat on either side of the lime. This
change in absorption coefficient had been measured bfevioﬂsly in
this Lasoratory by both Williams and Phakey?? using photographic
detection. They obtained vglues of 27,500 and 18,000 cm?/gm
respectively from measurem%nts on ytterbium oxide layers. The

[

foils used by Williams werelpreparcd from netal foilé oxidised
in an oxygen discharge, and'itiwas suggested that some loss of
the ytterbium in this brocess ﬁa& account for the somewhat high
value obtained. fhé.value giyen.by‘Phake& is much nearer that
obtained in the present inveéﬂigation. The discrepancy is
probably explained by the:ina%puracies of the photographic
technique, in addition to theierrors involved in the determination
of the mass thickness of tﬁé éoils both in that investigation and
in this., The absorption coeffiiients obtained for ytterbium
flﬁoride were corrected in the way described above and the
corrected curve is shown in Figure 3.3. This curve represents the
variation of absorption coefficient with wavelength for the
ytterbium ion in yttérbium fluoride, and it can be seen that the
effect of the correction is to increase the magnitude of the
absorption line.

The next stage in this investigation was the preparation of
pure ytterbium metal foils. According to the magnetic data of

5

Lock 0 the atoms in metallic ytterbium have a complete 4f shell,
thus the line absorption should not appear. The first metal foils

were prepared in the main evaporation plant but examination of
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thesg foils showed an absorption linec which although reduced in
magnitude was still appreciable. With the introduction of the
new evaporation chamber however the quality of the foils was
improved until, after some refinement of the technique, a foil
was produced for which only a very slight trace of line
absorption appeared. The reduction of the M, line revealed a
small hump in the absorption profile to the high energy side.
The metal foil was re-examined after standing in air for two and
seven days; in thg first ;nstance a slight increase in the M,
line absorption wés detecéed gutAthereaftér no change occurred.
This observation seeﬁs to indiéate that the surface of the metal
became coated witb:a protective film of oxide which then
prevehted further oxidation. The absorption curves obtained for
the pure and slightly oxidised ﬁgtal are shown in Figure 3.4,
together with a curve for the pufest metal foil prepared in the
main evaporation plant. The metal foil was then oxidised by
placing a small drop of hydrogen peroxide on it. This method of
oxidation was tested on foils which had shown appreciable line
absorption and it was noted that they rapidly became transparent,
whereas with the pure metal foil the process was much slower
proceeding gradually inwards from the edge of the layer, indicating
that this foil with its coating of oxide was extremely stuble and
resistant to further oxidation. The absorption of the oxidised
foil was then examined and the M, line found to be strongly in

evidence. The corrccted curves for the oxidiscd nctal and the
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fluoride foils are together compared with that of the pure metal
in Figure 3.5.

The Miy and My Edges.

Hitherto no M absorption edges had been reported for
ytterbium. In this investigation‘the Mjv and My edges were first
registered for the ytterbium fluoride foil. The variation of the
absorption coefficient of this substance, &ith photon energy, is
shown in Figure 3.6. The expected position of these edges was
calculated from L emission and ubsorption data but it was found
that the observed edges occurred ;t energies some 20 ev higher.

A discrepancy of this f;pé was fouﬁd for all four of the elements
studied. The ytterbidm edges;wereifound to be cdiffuse and
repreéented a change in absorption coefficient much smaller than
thgt of the My line. These tw6 faétors probably explain the
failure of previous attempts to register them photographically
which had been made in this laboratory. Tbe absorption profile,
corrected for the absorption of the fluorine, is shown in

Figure 3.7.

The study of the pure metal foil in this region again showed
the edge structures but at energies lower by about 10 ev. However
on oxidation of the foil they were found to shift back to a
position approximately the same as that found for the fluoride.
The'absorption coefficients obtainéd for the oxidised foil were
corrected for the absorption of the oxygen and the resulting

curve is shown in Figure 3.8, together with .that for the pure
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metal. In this figure the change in position of the edges can
be clearly seen. That the positions of the edges for ytterbium
in the fluoride and in the oxide are almost coincident is
shown in Figure 3.9. This figure consists of a comparison
between absorption prTile% of the ytterbium ion in the metal,

the fluoride and the oxide 'in the region of the Mjy and MQ

edges.
|
{

The Miii'Edge;i i o

The investigation of yfﬁerbium'was completed with an attempt
to register the Mjj;j edge. Thé_absorption of the ytterbium
f luoride foil was investiguteélin the regioh of the calculated
position of this edge. Thgiedée was found to represent iny a
small changé in absorptioﬁ coéfficient and its wavelength
position was found to agree very closely with the calculated
value. This edge was also détectqd using tﬂe metal foil and
although a slight shift in fhe;wavelength position was observed
it was not of the same magnitude as that observed for the Mjy
énd My edges. The M;;; edges observed for these two substances
are compared in Figure 3.10. The absorption coefficients for the
f luoride foil.have been corrected for fluorine absorption.

The relative magnitudes and positions of the absorption
structures mentioned above can be seen from Figure 3.1l in which
the.Mv line and the Mjji, Mjy and My edges of ytterbium in

ytterbium fluoride are plotted on the same energy scale,
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The Mjy and My Edges of some Heavier Elements.

Lutecium,

The first detection oflthe Mjy and My absorption edges of
lutecium was made USing an evaporated lutecium oxide absorption
screen. However an examination ol the'variation of absorption on
the high energy side of the edges showed a further "step" in the
structure. Because of thelhigh'temperature required in the
preparation of the foil ié was suSpgcted that some of the tantalum
boat material had also évdporétedi ;nd this was confirmed when
the ébsorption measurements on tantalum oxidekrevealed that the

]

third step on the lutecium curvéicoincided with the M, edge of
tantalum. The absorpt;on curve resulting from measurements on
this tantalun contaminated lutecium foil is shown in Figure 3.12.
The My edge observed for tantalum ha; been included to show the
coincid;nce discussed above. Langmﬁir and Malter’l have given

an equation for the rateiof evapqrétion of tantalum which, for
the conditions of the preparation of the lutecium oxide foil,
indicates that the melinex substrate would also be coated with
about 0.02 mgm/cm2 of tantalum. This would mean that ﬁhe lutecium
and tantalum were iﬁ a ratio of approxiﬁately six to one., From
the absorption curve it seems that the proportion of tantalum was
nearly twice this. The absorption curve of lutecium oxide, by
virtue of the contamination, does not give any'information

regarding the absolute values of absorption coefficient and so
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an absorption screen of the fluoride of this metal was prepared.
This compound evaporutes at a much lower temperature than the
oxide, being similar in this respect to ytterbium fluoride. The
variation of absorption coefficient with photon energy for
lutecium fluoride and the curve obtained after correction for
the fluofine absorption are plotted in Figure 3.13. In this it
can be seen that there is no longer evidence of fantulum
absorption. ’

Hafnium.

This metal could not be obtained in a fo%m suituble for the
preparation of absorption screens by evaporation. The oxide has
melting and boiling points similar to those of tantalum or
tungsten and this rules out any evaporation technique similar to
the one described above; with the métal this situation is only
slightly improved. A suitable compound would be the tetrafluoride
but this substance proved'to be unobtainuble commercially. In
view of this difficulty, absorption screens were prepared by the
method set out in the last chapter. A measurement of the
transmission of the foil ohly reveals the general structure in
the variation of absorption with wavelength, The wavelength
position of any such structure can be determined but no measure
of the absolute or even relative values of the absorption
coefficient may be obtained. The absorption equation for such a

foil may be written as
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loge 1o = AM 4+ B
I

~where A is the mass per unit area of hafnium, &« its mass
absorption coefficient and B the sum of all such products for
the other substances making up the foil. The term B will be a
function of wavelength but ‘an examination of a clear collodion
film showed that this function was fairly uniform in the range
of the hafnium edécg. As both A anq B are indeterminate for this
absorption screen th§ vélue ?f A+ cannot be obtained. A plot of
the variation of the quantity on theé left hand side of this
equation is given in Figu;e ?;14.‘: | |
Tantalum. i l |

The tantalum Miv and M, edges had been previcusly detected

photographically by Whitmer2

0 and by:Douzhty and McGrath25; in
each case metallic foils were prepar?d, but%different wavelength
values for the positions of the edges were obtained. In this
1nvestigution, tantalum oxide was used as aJ;érber, being easier
to evaporate than tantalum itself. The aﬁforption curve for this
compound and the curve corrected for oiyggn absorption are shown
in Figure 3.15. The positions of the edges as given in the two
investigations referred to above are also indicated in the
figure and the discrepancy between the three sets of results is
discussed in the next chapter.

The Mjy and My edges of all four elements are plotted on a

common energy scale in Figure 3.16. The scale of the ordinate
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does not apply to the hafnium absorption curve which has been

drawn in for completeness,

Foil Thicknesses.

The mass per unit area of each of the foils is listed
} .

below together with the Stundqrd error arising from the weighing

technique.
Ytterbium fluoricleg 0.17 * 0.017 mgn/cn?
Ytterbium metal 0,19 + 0.019 mgn/cm?
Lutecium oxide 0.14% * 0.017 mgm/cm?
Lutecium fluoride ?O.lk' * 0.017 mngm/cm?
l * 0.017 mgm/cm?

Tantalum oxide 0.10
‘ i

*This figure includes an unknown mass of tantalum.

The standard errors in the weighing process are based on a
survey of the weight of discs of meiincx punched at random from
a large sheet. However, a systennﬁic study of discs cut from
adjacent areas of plastic showed thuat short range fluctuations
would give an error in the foil thickness of 0.0l mgm/cmz.

Thus it can be seen that the errors quoted in the list given

above are probably somewhat exazgerated.
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Wavelength and Energy Values,

The energy values quoted below were calculated from the
wavelengths by means of the following equation

E = 12372.44 X 100 ev.
' A(in xu)

in which the constant term‘;s trhat given by Chupp et alsz.

The method of calibration has been described above but it
should be noted here thqg n6 account has been taken of the
anomalous dispersion of fhe mica crystal. To correct for this
effect the Bragg equafion‘shduld be written

A = 2dn Sin 9 '+ AA
n ni

For a particular crysLul the term AN is a function of -
wavelength only, which rises in shgrp peaks in the vicinity of
the absorption edges of'the constituent elements of that crystal.
llowever it does not rise above 0.5 xu and when divided by n2
this factor becomes small by comparison with other errors.

The position of the absorption edge has come to be defined
as its first point of inflexion. Although such a definition may
seem somewhat arbitrary there has been some experimental
justification in the work of Soules and Shaw58 who found that
for the K absorption of argon the inflexion point of the edge fcr
the solid coincided with the peak of the first sharp absorption
line for the gas. However estimation of this inflexion point is

not aliways easy und so the error involved in determining the
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vavelength position of the edge is probably much larger than the
error in calibration. The wavelength and energy posifions of the
absorption structures measured in this study are given below

together with the results of previous workers.

Ytterbium M, line

This absorption line was{found to. be extremely sharp and so
its position could be established as accurately as the calibration
would allow. The estimated erqor‘in the wévéiéngth is £ 0.5 xu

i

which is equivalent to t 0.2 ev r'or the energy.

e o ———————mm
Substance Wavelength Energy
| SR

Fluoride 8140.3| 1519.9

oxide 8139.6 | 1520.0 h
N

H l
Previous measurements of this line were all made on the oxide

and the following values were obtained:
LindberglO 8138 * 1 xu : Zéndy28 8136 £ 2 xu : Phakey29 8138 t 1 xu.

Ytterbium Mj;; edge.

For the values stated for all edges the estimated errors are

2 xu for wavelength and 0.5 ev for energy.

AR M,
I Substance Wavelength

Fluoride 6364

Metal 6369




The M, and M, edges.

d Substances

82.

; Ytterbium Fluoride
Ytterbium Oxide
Ytterbium Metal

; Lutecium Fluoride
i Lutecium Oxide

é Lafnium Oxide

I Tantalum Oxide

1597.3

1596.7

1583.0

1662.0

1738.5

1827.0 -

¥ Previous Results

ﬁ Whitmer20
B Tantalum Metal

/' Doughty and McGrath
i Tantalum Metal

‘25

X+ 5 xu




CHAPTER FOUR: DISCUSSION AND CONCLUSION

Ytterbium My Absorption Line,

Ytterbium Mjjj Absorption Edge.

The Mjy and My Absorption Edges.
]

Conclusion.



84.

In this investigation both line and edge absorption have
been studied. The difference in character between these two types
of structure is determined by the degree of influence of the
surrounding ions upon the cjected electron. In the first case the
final state of the eleétron is on inner stute which is shielded
from the field of the other‘ions but in the second the final
state is one which is associated with this field. For the rare
earth elemnents the Mjy uﬁd My spectra consist of both line and
edge absorption since for that scriés both inner and outer f type
states exist. Mayers3 has calculated the atomic eigenfunctions of
4f and 5f electrons and has shown that Lhe effective potential in
which such electrons;move possesses two separate minima, one at a
radial distance of the order of b Angstrons from the nucleus and
the other much closer at about 0.2 Angstroms. For elenents low in
the Periodic Tuble the inner trough is hardly formed and
consequéntly the lowest level for an f electron is situated in the
outer trough. Here the potential is similar to that for hydrogen
and hardly vuries with atonic number. For heavier elements however
the inner trough deepens until at the beginning of the rare earth
series its first electron level becomes the lowest level of the
whole system and so at this point there is a sudden shrinkage of
the radius of the 4f orbit bripging it physicully inside the atonm
which has a radius of ubout 1.8 Angstroes. I'rogressing to heovier

elements the irncer Lrough in the yotential cuntinues to sink until
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at the beginning of the actinide series it is sufficiently deep

to also contain the 5f electron states. Thus at this point a

second rare earth series commences. Between these two series the
!

5f wave function for the free atom is similar to the 4f function
for hydrogen with a mean radius of about 7‘Angstroms. In a solid
such functions will overlap considerably, producing a band of

states belonging to a group of ions rather than just to one. The

extent of this group is a matter for some‘deﬁété which has given

e
rise to two distinct theories;'the long range order theory of

Kronxg7 and the short range order ,theory which has been reviewed

54 Lo

. Discussion of thcse theories is taken up again

I

below but for the present it c&n be concluded that the calculat1ons

by Kozlenkov

of Mayer result in a picture of trc f type states which is
qualitatively consistent w1th th% observations made in the

present experimental investigation.

Ytterbium My Absorption Line.

The theory of the natural shape of absorption lines as presented

59

by Condon and Shortley shows that the transmitted intensity

after traversing a thickness x of the absorber is given by
I (o) = I, exp. ’——gn__—;z. (1)
1+ (9%?0)
in which o is the wave number of the radiation measured from
the centre of the line, O, a constant term characteristic of

the particular line and g is given by
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E = h3» B (ba) N (b) x , (2)
c Moy ' '

In this expression B (ba) is the probébility of a transition from
state b to state a, N (b) the density of atoms in the initial
state and h2 the energy of the absorbed quantum. Now the mass

absorption coefficient is defined'by the equation
I = I, exp. -Mum (3)

where m is the mass ber unit area:of the absofber. In the region
of the My line absorption this coefficient cah be divided up into

two parts; one related to the transition

10,13
3a'0 4e13_, 34 4rl4 (4)
"and the other covering iransitions from the N, O shells etc. The
observed absorption coefficients once corrected for the absorption of
fluorine (or oxygen) may be analysed into these two components
(see Figure 4.1.) and:if the maximum of the line absorption is
considered,g may be é‘valuated from the following expression

Mopax. m = & . (5)
since O = 0 in the middle of the liné. A measurement of the
width of the line at half maximum will yield the value of o
and knowing these two quantities B (ba) may be determined.
However to make such a process meaningful a careful survey of the.

effect of absorber thickness on the dimensions of the absorption
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line would have to be carried out in conjuhction with a detailed
analysis of the spectrul response of the spectrometer. Work of
this kind was not included ip the séopc of the present study and
so the above is to be tukgn as an indication of the results that
further investigation would achieve. The main purpose of the
measurenents on the My line styto demonstrate its magnitude for
ytterbium in compound and its dbsence for ytterbium metal,

The electronic configurdtiqns of the rare eérths have been

sumnarised by Megger555 and more recently by Cabezas et a137.

From optical spectroscopic datalit is concluded that the neutral
] lg

atom of ytterbium has an outer éoﬁfiguration of 4f14 652 whereas
the triply ionised atom has only‘t%irteen 4f electrons. In most
i
compounds ytterbium is trivaleptib$§ magnetic studies on the
metallic substance have shown tﬁ;tjit is non paramagnetic
indicating that there are no unbaired electrons. Thus in the
metallic state the 4f shell is complete and only the two 6s
electrons contribute to the band structure of the solid. However
the above argument should only be taken to apply to the majority
of atoms for in all the magnetic studies carried out so far some

56

trace of paramagnetism has been detected. Spedding” concludes

from his work that there is about one atomic percent of tripositive

50

ions whereas Leipfingers7 quotes 2% and Lock”™ estimates that only
one atom in 270 possesses any permanent magnetic moment. An
estimate of the number of tripositive ions in the pure metallic

foil prepared during the present werk may be obtained by an
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analysis of its absorption curve. An examination of the equations
(2) and (5) stated above shows that for the absorption line the

maximum value of fhe mass.absorptiﬁn coefficient is proportional
. . ‘ ' v ) | H
to the number of atoms in'the initial state (b) required for the

transition (ba), where -the states for the transition discussed
here are indicated in (4). If ii is assumed that in the fluoride
foil all the ytterbium atoms have only thlrteen 4f electrons then

a comparison between the maximum of the llne absorptlon for the

P
corrected fluoride foil and the;maxlmum of that for the metal

foil will give the fraction of triply ionised atoms in the

. P
latter. Thus | ‘ .
I

|
N (Yb3*) metal = N (Yb7*) metal = x
N (Yb) metal N (Yf3+)fluoride y

where x and y are indicated in Figure 4.1,

z "?L\ ’:
| /77 V4V, W abanr
BACKGROUND ABSORPTION DUE TO N,O SHELLS ETC.

[/ /XL SE

FIGURE 4.I. ANALYSIS OF M, ABSORPTION LINE.
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From equations (2) and (5) it can be seen that N refers to
a number per gramme of ytterbium. The above process assumes that
the general background absorption for the triply ionised atom
is the same as that for the doubly ionised; however, from the
Absorption curves shown in the last chapter it can be seen that
such an assumption is reasonable. An analysis of this type was
carried out on these absorption curves and the values of x and
y obtained were as given'below

x = (1940 - l?SQ) cn2/gm

y = (20028 - 1?50) cmz/gm ‘
These results indicate fhat about|one atom in a hundred of the
metal foil contained;ﬁ gap in the 4f shell, a figure which is
consistent with those obtained for other samples of metallic
ytterbium in the magnefic studies mentioned above.

Ytterbium is also found to be divalent in some compounds,
for example YbS, YbSe and YbTe. However, the only one of these
to be studied in detail is YbS and for that Domange et al®®
have found by chemical analysis that its stoichiometry should
be written Yb0.9s which would require that 39% of the ytterbium.
atoms were tripositive. From magnetic measurements they conclude
that 41% of the atoms are in this stute. The magnitude of the M,
absorption line of trivalent ytterbium makes its measurement
for a particular compound an extremely sensitive test for the

presence of atoms in such a state. If it is possible to prepare
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them in a suitable form this test could be usefully applied to
the compounds mentioned above.

The classical dispersion theory applied to Xrays46

predicts
that absorption should tuke the form of resonance lines and,
although this prediction is gererally untrue in the case of
ytterbium M, absorption, it has some value. From this theory it
can be seen that associated with such an absorption line is an -
anomaly in the refractive index..Such phenomena are common in
optical spectra, but‘rare in‘the Xray region and of considerable
interest by virtue of the faet thaf in a narrow wavelength range
the refractive index of:the absorging medium; which is normally
almost equal to one, becomes appreciably less than unity and in
consequence the critical angle for external reflection increases
to as much as five degrees. Thus uh,Xray beam reflected at such
an angle would be monochromatic to an extremely high degree
since very little reflgption of other wavelengths would take
place. Preliminary measurements on the reflection of Xrays by
ytterbium fluoride carried out by Underwood61 in this laboratory
indicate that suchuaﬁ increase in the critical angle does in
fact occur.

For the absorption profile of ytterbium metal in the region
of the My absorption line a small structure was observed to the
high energy of the position of this line. This structure consisted

of one very small maximum adjacent to the line at an energy of
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1520.4 ev and a larger ﬁéximum further removed at 1522.1 ev.
Calculations of the energy of the 3d—5d and 3d—»6p
transitions, based on the bbsition of the Mjjj edge (3p—»5d)
obtained in this invegtigution, were made 'in the following
manner. The observed position?of the M absérption edge of
ytterbiumvmetul indicated that thé energy of the 3p—»5d
transition was 1942.5 ev. The calculated energy of this edge
was obtained using data on thé L spectra of ytterbium given by
Sandstr8m36. For such a calcu{at{on the M, . —>L; (133)
emission line must be used inﬁgJﬁjunction with the L;;;
absorption edge. Thus, in orde} éo obtain the energy of the

3p—»>5d transition, the energyudifference between the L; and
o

111

L::: levels must be found. Thiﬁ can be done in several ways,

but of these the two involving the o< , ,59 and o, '810 L
emission lines were chosen as most reliable. The energy of
the M;;; edge was then found by means of the following

equations.

Ay < by

(Miiidabs = (Liiidabs + W>Lidem = (W >Lijiden = (Mjii~Lidem

and Ao G s

(Mijidabs = (Liiidabs + (Mjy™Lidem = (Mijy*Liiidem = Miii™Lidem
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In electron volts these equations become
8944 .15 + 8959.69 - 7415.57 - 8536.84 = 1951.43
8944.15 + 8910.01 - 7367.09 - 8536.84 = 1950.23

giving a mean value for the 3p-—»5d transition of 1950.83 ev.
The difference between this value and the present
experimental value\@s 8.33 ev and 80 in order to bring the
\
calculated energy of thé 3d—>5d transition into agreement with

the observed M;;; edge, this quantiﬁy was. subtracted as

indicated in the equation below
(3d—5d) = (Ljjidabs = (My = Liji) - 8.33 ev

=  1520.26 ev.
‘ |

The energy of the 3d—=6p ﬁransitio; was obtained from this
value by adding the 5d, 6p energy differcncL. which was taken
as the difference between the observed Lj eége (2s—>6p) and
that calculated on the basis of the obsefved Ljji edge

(ie. equivalent to 2s—>5d). This difference was found to be

2ev. Thus the calculated energies forfthe two transitions are
(3d—5d) = 1520.3 ev

(3d—>6p) = 1522.3 ev

The agreement between these values and those observed for the



two small maxima indicates that this structure represents

the onset of the M, edge absorption.vHowever, the transition
probability is here very small, espeéially for the first
(quadrupole) transition, and so this absorption is dwarfed by

that due to transitions into the f states.

Ytterbium Mjji Absorption Edge.

The “iii edge is due to the transition of a 3p electron
into d type states and so ih the case of ytterbium the energy of
the edge should be gOVerﬁed by thg @ransltion 3p-—>5d. The
position of this edge was'ini§stigdted and a comparison made
between the structure found with a metallic Absorber and that
found with one of ytterbium flﬁoride. One reason for this study
was cohnected with tﬁe interesting conduction propertiei of
ytterbium metal. An isolated peutr&l ytterbium atom has a closed
shell structure and so in the%metalEsomc overlap of bands must
occur to provide carriers for con&uction. Anderson et u162 have
shown that this metal:hAs a positive Hall coefficient which
inﬂicaﬁes that the ﬁr}ncipal conduction carriers are holes. A
possible explanation ;f this observation is that overlap occurs
between the 6s anded states leaving an s band with about 0.7
holes per atom and a d band with the same number of electrons per

atom, This would lead to the possibility of some slight absorption

due to the transition of 3p electrons into the holes in the s band.
Such abéorption would occur immediately to the low energy side of

the M;;; edge. The absorption cuvcves shown in Figure 3.10 indicate
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that there is a slight differ:nce between the structure on the
low energy side of the edges of the two substances. However the
work on this aspect cannot be taken as conclusive. In order to
gain comprehensive informatiop about the filled and unfilled
outer s and d states a m&ch more detailed study of the absorption

structure is required toéetheffwith a measurement of the emission
profile associated with the M;;; édgé.
? |
The Mjy and My AbsofptioA Edges.
In the survey of previoustQrk, which was given in the first

1

i

chapter, mention was made of theqdiscrepancy between the observed

wavelengths of Mj, and M, edées gnd those calculated from L
spectra. Such calculations apé‘u;ually b;sed on the Ljjj edge
since its wavelength position is probably established with greater
accuracy than the other two. For the elements studied in the
present work the Ljjj edge commenc;s with a transition of a 2p
electron into the 5d level. The validity of this statement can be
seen from the points plotted ip Figure 4.2, In this graph the
ordinate is A ¥/ calculated ffom the following expression

AYp = [?ﬂﬁz:}(L - [z7h ]

iii) abs. (Xiv,v+Liii) em.

where X is successively N, 0, and P. By this means it is shown
that for elements of atomic number in the range 40 to 47 the end
level of the Ljjj absorption transition is Njy y (4d); for

‘elements in the range 63 to 79 it is Oiv,v (5d); and for those
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above 90 it is Pjy y (6d). In the case of the Njy and My spectra
of ytterbium, lutecium, hafnium and tantalum, however, the |
probability of a transition into the Oiv,v level is extremely
srmall as is the probability of a transition into the next outer
Llevel (6p). In fact a transition from the 3d level will only be
appreciable if - the end level is f type and apart from ytterbium
the first level of this symmetry, for the elements listed above,
will be the band which is formed from the 5f atomic levels. For
trivalent ytterbium there is an inner 4f vacancy giving the line
absorption discussed above bu£ thé édge ubsorption will arise
from the transitions ingo the 5f b;nd. In this way the-discrepancy
between the observed #nd calcu;ated positions of the Mjy and My
edges has been qualitatively e#plained in the works of Phelpszz,
McGrath24, Cauchois64, and Frigdelij For elements heavier than
osmium (76) this discrepancy d;creusés until at about radium (88)
it vanishes and then goes negative as would be expected since here
the second rare earth series commences and the 5f level becomes
an inner level in the isame waylﬁhat the 4f level is an inner
level for lanthanidgs{ For this latter series Stewardson and
Zandy29 have reported that measurement of the discrepancy with
respect éo spectra associated with 3d —»4f transitions also gives
negative values. The wavelength values frbm previous measurenmnents
on the N edzes of the heavy elements are given in Table 1. From
the most recent rcsults on the NMjy and My edges values of the

discrepancy have been calculated in electron volts, employing the



TABLE 1.

Element

73 Ta

T4 W

76 Os

77 1r

78 Pt

79 au

80 Hg

81 Tl

82 Pb

Wavelengths in K xu of M edges of heavy atoms.

A survey of previous results.

My
6.997
7.033

6.708
6.194
5.961
5.736
5.747
5.711
5.529
5.506
5.529
5.579
5.522
5.521
5.331
5.136
5.137
5.147

1' . 9/"5

Miv

6.773
6.845
6.487
6.475

5.975°
5.754 .

5.541
5.545
5.506

5.330

5.315
5.336

5.318

5.521

5.139

4.936

4.93%

b 147

Miii

5.647

5.427

5.4L8v
5.027
4.851

4.674

4.676
4.677
4.508

4.501

4.516 .

4.509
4.340
4,185

4. 187

4.033

M;i

4‘.800
4.412
4.270

4.085

3.469

Mi

4.365
4.037

3:738

3.742

3.603

3.219

97..

Reference

20
25
10
16
17
17
17
10
18
10
18
21
23
24
26
10
10
21
23

10

*

*



TABLE 1. (continued)

Element

82 pPb

83 Bi

90 Th

91 Pa

92 U

94 Pu

Ny
b.9%4
[ro 95/0'

4,762

4,762

4.763
4.762
4.763
3.721
3.721
3.715
3.722

3.601
3.391
3.382

Miv

4.750

4.569
4.568
4.574

4.567

3.552
3.552
3.545
3.549

3.429
3.326

3.320

3.326
3.117

Miji

4.030

3.89
3.893
3.839

3.897

3.058

5.058 ¢

3.062 t;

2.873
2.877

2.709

2.716

Mii

3342

2,571

2.385

2.229

3.100

2.388

2.388

2,228

2' 087

2.113

Reference
21 *
23

14

10

22 *
21

23

13

15

10

23 %
14

30 *
15

10

14
23 *
31

38

% values used in the calculation of &(hz ). (see below)
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conversion factor given in the last chapter. For this calculation
the general expression given below was used.

d(hz) = (Mjy,y) abs. = (Ljji) abs. + (Miv,v—=Ljjij) em.
This expression is illustrated schematically in Figure 4.3. The
values of & (h2) obtained from the previous results are given
in Table 2 together with those obtained from the brescnt work.
The data on the L spectra was taken from the tables given by

36

Sandstridm’-,

el Qo - -

ABS. .
: ABS.

. w,v
EM,

Llll

- FIGURE 4.3, SCHEMATIC [(LLUSTRATION
- OF DISCREPANCY.

Yery little thcoréticul wérk on this discrepancy is to be
found in the litcrutuge. To date the calculations of Friede163
ctand alone. This ainthor used the wigner-Seitz method to compute
the energy differcnce between the top of the conduction band and
and the bottom of the 5f band for tungsten, gold, lead and radiun.
The values so obtuined are plotted in Figure 4.4 in comparison
with those lizted in Table 2, and it can be seen that there is

good agrecucut betweon the theoretical and experimental values.



TABLE 2. The Mjy, My edge discrepancies in ev.

Element
Present Work
Yb (compound)
Yb (metal)
Lu
Hf
Ta

Previous Work

Ta25
‘W
0s
Ir
Pt
AQ
Hg
T1
Pb
Bi
Th

Pa

Sta)

+21.1
. Teb
+23}4
+24§8

+38;6\“
+59;8 f
I

i
|

+30{8
440;23
+42.8
+39.8]
+38.é
+34.7
+23.2
+20.8
+13.9
+14.4

- 6.4‘

100.

d(hz) My

+20.0
+ 5.9
+24.1
+25.4

+ll'0 . 6

+40.1
+20.9
+44.1
+45.4
+37.9
+36.6
+33.9
+18.4
+23.9
+13.7
+13.6
- 2,2
- 2.0

- 5-3
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FIGURE 4.4. EXPERIMENTAL VALUES OF S(hw).

The method adopted by Friedel amounts to the treatment of the

observed Mj, and My edges as Kronig structure on the real edge,

where the real edge is taken to commence with a transition into

the first available level. The transition probabilities are such

that the magnitude of this structure is far greater than that of

the so called real edge. Such an argument seems to be valid as

far as the present measurements on ytterbium are concerned, for

as has already been mentioned a small structure in the position

of the real edge was in fact obsérved. There is some doubt
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however that structure in the absorption profile so near to what
has been described as the realvedge can be thought of as Kronig
structure. That is to say that th? final state of therelectron
is probably not a latticé Qﬁate but one iﬁ a much more localised
region. In this case the short range ordc; theory should be
applied. In this theory the ei;cted electron is described by a
wave packet rather than by aﬁiunlimited plane wave fassing through
the lattice. It is considerediphat this eieci;ﬁh wave is scattered
by the potential of the absor;ihg atom and its surrounding ions
and interference between the priﬁgry and scattered wave produces
variations in the amplitude oglt&; final state wave function in
the vicinity of the absorbing étip. This amplitude, which governs
the magnitude of absorption, i;idecndent upon the nature of the
potential of the absorbing atom, the potential and distance of the
surrounding ions and the symmetry of the initial state function.
As Kozlenkov54 has pointed out, in this theory a spherical
approximation is made whereby the scattering potential is rcgarded
as radially symmetric. Thus the ions surrounding the absorbing
atom are smeared out over the surface of a sphere and the total
potentiﬁl then becomes the sum of that due to the absorbing atom
and that due to all the surrounding concentric layers. From this
it can be seen that in such a theory the final energy state of

the electron is independent of the direction in which it is

ejected. This is not the case for the long range order theory of
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Kronig7 and, with regard to this funddmental difference between
the two theories, Boster and Edwards65 have performed some
interesting experiments of the K absorption edge of a single
crystal of copper. As they have pointed out, the theory of
Kronig predicts that the use of a metallic single crystal
absorber and polarised Xradiation should result in a more
pronounced extended structure on an absorption edge than would
be observed with a polycrystuliine absorber and unpolarised
radiation. Further, yotagionlofiﬁhe crystal in the plane of the
polarised Xrays should, acco;dinéjt; this th%ory. produce a
shift in the energy positions.of éhe absorption maxima and
minima. However the résults obt&ined with copper showed that
these two effects were only upprec}able at energies over 230 ev
higher than the actual edge, Thus i; appears that the long range
order theory is only really applicaﬁle to absorption structure
well removed from the‘edge. Nearer to the edge the short range
order theory seems tofproduée results more in agreement with
experimental observations (KosiurevGG, Shiraiwa et a167 and
Hayusi68). In the Loné range order theory it is assumed that the
ejected electron moves freely within the crystaul, an assumption
which does not secem justifiable.except for electrons with fairly
large kinetic energy. Less energetic electrons fail to really

67

escape from the field of the absorbing atom. Shiraiwa et al

attributed the restriction of the free path of the ejected
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electron to inelastic collisions with the surrounding ions and
Kozlenkov54 suggested that further limitation may arise from
interactions with the lattice electrons. It is this difference
in the physical basis of the two theories which appears to
define their range of applicability. At first sight the good

égrcement_between Friedels calculations and experimental
observations may be taken to indicate the validity of the long
range order theory in this region, but although this author
suggested that the Miy- My edges were Kronig st(ucture he did

in fact employ the tigﬁtly boﬁndjeléctron approximation in his
calculation. This appr;ximation i; based on atomic wave functions
and consequently clo;ér to the short range order theory.‘As has
been pointed out above there i; need for more thoeretical work
on the absorption structure in thcrnegion of the Mj, and M,
edges of the heavy elements an& from this discussion it seems
that in the performance ‘of such work the short range order theory
of Xray absorption structure should be used.

It is of interest to note that a discrepancy similar to

the one discussed apo¢e would be expected to occur for the
elements just below the rare earth series. For these elements
the 4f level is an outer level just as the 5f level is an outer
level for the elements before the actinide series. Very few
absorption measurements have been made on the Mj, and My edges

in this region but it is possible to find some indication of
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the discrepancy in the work of Prins and Taken75

and of
29 .
Russell” . The values of §(hy) obtuined from their results

are given below in Table 3.

Table 5 )

Miv Mv'cdge discrepancy below rare earths (in ev)

Prins and Taken Russell
4778 48Cd lSOSn 331 56Ba 57La
Miv +30.4 ' © +1.6 -6.0

f

(432.5) (s21.8) (s3.5)

My +32.2 : | +9.9 -3.3

From this table it can be seen that the discrepancy decreases
tovards the rare eurth scries; going negative at lanthanum.

The most important factor contributing to the field in
which an ejected electron moves is the potential of the
absorbing atom, and cbnsequcntiy an indication of the behaviour
of the absorption qocfficient ﬁay be obtained from calculations
based on the free ion. Calculations of this type have been
carried out for ytterbium in the region of the M;, and M, edges
by Weinmann69. In this work the self consistent field and wave

functions for 69 ij+ given by Ridley70 were used, the field
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being modified to approximate to that of ytterbium. The curve
obtained from these calculatiohs indicate; that, passing through
tﬁe region in the direct?on of inéreqsingfphoton energy, the
absorption coefficient gfaéually increases until midway between
the Mjjj and Mjy, edges whcrelii goeé through a maximum, The
curve is without structure, bq; tﬁis is to be expected since
such structure arises from.tﬁé influe;;Eabf‘thé,;qrrounding ions
which here have been neglected; A'comparison between the
theoretical and experimentai cﬁryes is shown in Figure 4.5

which also shows the curve caléu{éted by Weinmann69 from a
scfeened hydrogenic approximatio%; From this figure it can be
seen that, for the approximatiéngimade in the modified ij* curve,
. the agreement between theory ané vxperiment is good.

| The energy difference betw;eh the Mjy and My levels of

an atom can be calculated from L emission spectra by use of

the following energy equation
Amiv,v = Ldl - L«z

and the values so obtained, compared with those from direct
measurement of the position of the M;, and M, edges. Such a
comparison is made for the results of the present study in

Table 4.
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Table 4.

The energy difference between the Mj, and My levels.

Substance Ay, (ev)
Experimental Cakculated
Ytterbium fluoride ‘46.9
Ytterbium oxide 47.7 48.5
Ytterbium metal o ‘ 47.0
|

Lutecium fluoride . 51.4

, . o 51.0
Lutecium oxide ) 52,0 :
Hafnium oxide I 55.0 i 54.4

Tantalum oxide » 60.0 58.2

The error in both experimental and calculated results is of the
order of ¥ 1 ev. In n@king th(s coﬁparison it is assumed that the
end levels for the Mj, and M, ;bsorption processes are the same,
but from the agreement between thé two sets of values this
assumption seems to be justified.

In the measurement of thelmiv and M, edges for ytterbium
metal it was found Lh;t they were placed some 14 ev to the low
energy side of those bbscrvcd for the fluoride. For the energy
of an absorption edge in a crystalline substance Paulin871
has written the following expression

hy oo = WV + ed - Ecrystal

The three terms on the right hand side are respectively the energy



109.

of the edge in the free ion; the energy of an electron in the
field produced at the centre of the gbsorbing atom by the
surrounding ions; and the electron a}finity of the crystal. This
equation is really only of use in comparing the energy of an
absorptioﬁ edge of thg same ion in different compounds, whereas
the essential difference bgtween the absorption for ytterbium
metal and'that for the fluoride is a difference in the first term
of this expression, For,.ag h;s been indicated above, the ions in
the metal are dipositive while those in the fluoride are tripositive.
Considering the obse;ved'MiviéndiM;:absorptiQn edges on the basis
of the short range order theory such a changé in the field of

the absorbing atom can be expected to have a considerable effect
on the position of tﬂese struqiures. A‘similar shift in.absorption
edge has .- been observed by Beeﬁan ét a172 for copper in the
divalent and monovalent states., TheLK absorption edge of hydrated
Cu** was compared with ;hat for tge cuprous halides and a shift
of about 10 ev observéd; Betwegn individual halides however the
variation in positioh was less. than 2 ev. The comparison between
copper and ytterbium in this réspect is a good one since in both
cases, going from gheilower to the higher state of ionisation
involves removing an electron from an otherwise filled shell, the
3d shell of the former and the 4f shell of the latter. For

ytterbium it was also observed that the difference between the

position of the edges for the fluoride and the oxide was only of
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r

the order of 1 ev, and so it can be seen that the nature of the
field of the absorbing atom is the principal factor governing
the position of absorption structure.

The measurement of the tantalum edges was carried out in
order to compare the sfructures observed in this work with those
of previous eXperimentQ. The positioﬁ of the edges was found to
be fairly close to those reported by Whitmer20 and consequently
in disagreement with those bbserved By Doughty and McGrathzs.

In the present study tanéalum ox@de was used as absorber whereas
in both of the previéus invesﬁigaﬁions.foils‘of tantalum metal
were prepared by evaporation, It is extremel; difficult, however,
to prepare an oxide free tant;lum foil and so it is to be

expected that in botﬁ these cases some oxide was presentQ A
possible explanation of the different résults is that the positions
of the edges for the metal and oxide differ and that Whitmer's |
foil contained a considerable amoﬁnt of oxide whereas that of
Doughty and McGrath qu'comparitively pure metal. This explanation
can only be tested byva study of carefully prepared metallic foils.
It should be noted he;e however that the A Mjy y for the results
of Doughty and McGEath is of the order of 10 ev smaller than the
value calculated from L emission data, which seems to indicate

some uncertainty in the placing of the edges in that investigation.

In view of the observed shift in the edges for ytterbium and the

possibility of a similar shift for tantalum an extensive
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metal-compound comparison for the elements in this region is
obviously desireable. Unhappily the preparation of such metal

foils presents an extremely difficult problem.

Conclusion.

The results of the present experimental work on the M,
absorption line of ytterbiﬁm in the pure metal and in compound
are consistent with thc théor} thaﬁ for the rare earth elements
these lines are due to t}unsitions into vacancies in the 4f shell.

The more directly quantitative qualities of counter, as opposed

)
]

to photggraphic, detection have epabled a coﬁparison to be made
between these results and thoée of the magnetic studies of
Lock50 and others """, Such a comparison clearly indicates the
validity of the above theory. b

The measurements on the M;, and My edges of ytterbium show
that edge absorption does occur fbr the rare earths but that the
magnitude of this strycturc is much less than that of the
absorption lines. Froﬁ these Aeusurcments and those on the MN;
and M, edges of lutec;um and hafnium it was found that, in
agreement with the‘p;evious work on other heavy elements, there
was a discrepancy between the observed positions of the edges and
those culculated from L spectra, and that this discrepancy
decreased from tantalum to ytterbium. The detection of these

edges for ytterbium, lutecium and hafnium is a measure of the

sensitivity of the counter technique since in previous
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photographic work carried out in this laboratory these structures
had proved undetectable.

An examination of the Mj, and M, edges for ytterbium metal
has revealed a shift in position with respect to those observed
for ytterbium fluoride and this shift has been attributed to
the difference in the valency of the ytterbium atom in these
two substances. Bearing this shift in mind itvhas been possible
to suggest an cxplan&tiop for the different results for the
positions of the tungulum edzes which have been reported.

A study was made of the Miii ubgorptiOn edge for ytterbium
metal and fluoride and some indication of the validity of the
theory that the conduction carriers in ytterbium m:tal are holes

in the 6s band was obtained.
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