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ABSTRACT

Atomic fluorescence yields are important quantities in both atomic
and nuclear physics. The fluorescence yield of a given atomic shell is
defined &s the reciprocal of the ratio of the number of atoms ionized in
the given atomic shell to the number of these atoms which recorganize with
the emission_of an x-ray quantum appropriate to the given shell. The ex-
perimentel determination of fluoreéceﬁce yields is a ﬁrqblan which has oc-
cupled investigators since sbout 1925. Many ingenious methods have been
evolved for fluorescence ylelds measurements. Howéver, an analysis of
these various ex?eriﬁentai,techﬁiqugs indicates that meny were either of
very restficféd applicability or required calculations of dubious validity

in obtaining results from the raw experimental data. The primary diffi-

culties of the early experi@éntal work décurred because of the poor instru-

mentation available at the time the experiments were performed. Modern
instruments should be able to overcome these faults and in addition should
lead to experimental methods of sufficient scope so that measurements can
be successfully performed on all elemenﬁs of the periodic table.

The purpose of the present work is to develop a new experimental
technique for making fluorescence yields measurements. The decision on
the quality of an experiﬁental method is based on the followlng three
eriteria: (1) Does the method have wide applicability, i.e., can measure-
ments be made on a large number of elements? (2) Can results be obtained
from the experimental data without recourse to theoretical calculations
of questionable accuracy? (3) Is the method feasible from an economic

standpoint?
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In order to satisfy the Tirst criterion, it is necessary for the
fludrescence radiation detector to be sensitive throughout most of the
x-ray spectrum. If, at the same-time, the detector's response discrimi-
nates with regard to x-ray energy, the second criterion will be satisfied
in large measure. It is found that of the modern radiation detectors
such as photographic emulsions, cloud chambers, lonization chambers,
Geiger counters, propoftidnal counters, and scintillation counters, the
gas~filled proportiocnal counter has more of the desirable properties. A
gas-filled proportional counter is chosen as & radiafion”detector in the
present work for this reason. -

The .proportional cgunter requires q\vﬁghqm*and gas system and an
accurately ;ggplatéﬁ'high;voltagg sgﬁply.% ihése ccmponénts?were designed
and coﬁé%rﬁétéd. Electronic’amplificétion islﬁrovided for the pulses from
the proportional counter by a fast linear amplifier of commercial design.
In order to analyze the proportionalﬁcounter putput,'a pulse height analy-
zer and scaler of commercial design are émployed.

The gource of x-ray excita@ion radiation is equally as important
as the radiation detector. The interpretation of the experimental data
is greatly simplified if a source of radiation of constent intensity and
a simple known spectrum is employed. A long-lived radioisotope which de-
cays by orbitallelectron capture has the desirable attributes and is
chosen for a source of exci}ation radiation in the present work.

Before any seriopS'qxpgrimental work can be undertsken it is nec-
essary to ascertain the pe¥f6rﬁap¢e of the proportional counter and its
associated electronic equipment. A sensitive measure of a proportional

counter's performance is its energy resolution. It is possible to com-

pute the expected resclution of a proportional counter from theory. The
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eﬁergy regsolution of the proportional counter-used in the present work
was meagured experimentally usiné the radioisotope Fe55 and a comparison
of the measured and theoretical values of the energy resolution indicates
that the counter's performance is satisfactory.

In determining directly the fluorescence yleld of a gilven afomic
shell in a sample material it is necessary to know the number of atoms of
the material which are ionized in the given shell and the number of these
atems which reofganize with the:emissiqn‘of an x-ray quantum appropriate
to the given shell. In the préBent work the quéntity of ionization pro-
duced in the sample material in the atomic shellfbf'interest is deternined
from a measureﬁentlof‘the intensity of thé gxcitaﬁton'fadigpicn o which
the sample is exposed coupléd’with the knowﬁ X-ray absorption properties
of the sample matefial. Similarly, a measurement of the fluorescence
radiation emitted by the saﬁﬁle‘coupled'withfppe known x-ray absorption
properties of the sample allows the determination of the number of atoms
which reorganize with the emission of x-rays. In making the measurements
of the intensities of excitation and fluorescence radiations with the pro-
portionel counter, a knowledge of the proportional counter's detection
efficiencies for the excitation and fluorescence radiations is required.
The efficiency of the counter for the detection of the excitation radia-
tion was caleculated using the known x-ray absorption properties of the
proportional counter gas~filling mixture. The efficiency of the counter
for the deteetion of the fluorescence radiation wes experimentally deter-
mined by observing the fluorescence radiation spectrum as a function of
counting gas pressure. It was possible to increase the counting gas
pressure until practically all the fluorescence radiation entering the

counter from the sample material was absorbed in the counting gas. This
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method was not feasible in the case of the excitation radiation because
of 1ts higher energy.

The experimental method of the present work was employed to meas-
ure the K-shell fluorescence yields of the elements nickel, copper, and

zinc, and the mean I.-ghell flucrescence yleld of leed. The values ob-

tained are for nickel, 0.33 ¥ 0.0l; copper, 0.39 ¥ 0.01; zinc, 0.44% ¥ 0,01;

and lead, 0.39 ¥ 0.01.

Tt is recommended that the present work be extended to include
measurements of the K-shellmﬁ}uoréséence vields of other elements. Fur-
thermore, it would be particuiarly desirabléuﬁb make further L-shell
fluoreséenge-yields méasuremenps because experimental values for these
quantit;gs are’ sparse. . 3 wonthyhiﬂefmodification of the present method
wduld-péﬁéoéuse an x-ray machine in conjunction with a c¢rystal monochro-
métor as?é source of excitation radiayion. This modification would fur-
nish a source of excitatian‘faaiatibnzof vafiable energy énd hence make
possible the selective excitation of the L-subshells. In this way the
fluorescence ylelds of the L-subshells could be obtained.

An examination of the theoretical calculations of fluorescence
yields which have been made by various investigators indicates that there
exists qualitative agreement between theory and the present experimental
results. However, the fluorescence yields of only a few elements have
been calculated. Fluorescence yields calculations preéent a worthwhile
theoretical problem and modern computing techniques shouid make these

calculations feasible.




| CHAPTER I
.. INTRODUCTION

A quantity of considerable interest'in;etonic theory is the
fluorescence yield. A knowledge of this quantity is useful in the
interpretation of atumic spectra and in determining atomic wave func-
tions. The K- and L shell fluorescence yields are of value also in the
study of nuclesr decay involving orbital electron capture. The measure-
ment of the K-shell yield has occupied investigators since 1925 while
little work was done on L-shell measurements until 1935 Even though
work in this field has continued until the present time, measurements
on all elements have not been mede,“and meny of the reported values are
in doubt since they were obtained using techniques of questionable ac-
curacy. Indeed, this is evidenced by the wide discrepancy which eﬁists
between values reported by different investigators. In particular,
there 1s & necessity for a modern measurement of tne'L-shell fluo-
rescence ylelds since it is among the reported‘veluesrfor the L-shell

-that the greatest discrepancies exlst. 'It is'the nurnose of the preF |
sent work to establish a sonewhat'different anu méré médernutecnnique
for measuring the K- and L-shell fluorescence yields. A report of the

present work has been published in the Physical Review (1).




CHAPTER I1
THE NATURE OF THE PROBLEM

The Phenomenon of Fluorescence.--Atomic fluofescgnce or the atomic

fluorescence effect is the name given to the process wherein an atom
which has been icnized in an inner ghell-yag the inner shell vacancy:
filled by a higher shell electron with the subsequent release from the
atom of a guantum of radiationlwhose energy is equal to the difference
between the inner and higher shell binding emergies. If the inner shell
involved were the K-shel}, the quantum of radiation would be character-
istic of the K-series x-rays, eithégJQ*, KQ’ etc., depending on the

. higher shell involved; and the process would be termed K-shell
fluorescence.

This is not the only manner in which an ionized atom may re-
organize to become neutral, Another process which competes with atomic
fluorescence is the Auger effect. In the Auger effect, instead of a
quantum of radiation being released frum'the‘reorganizing‘ataﬁ, an
electren which is referred to as'ah:éﬁgér electron is emitted from the.
atom. This Auger electron mﬁéﬁhﬁiﬁays.;iféiﬂéte from a higher shell
thah thenériginally ioniZed_shell in q;der for tﬁig‘type of_reorganiza—
tion to be energetically possiﬁlg. _The Auger effecp is often referred
to as a radiationless feorgaﬁiza%ion and ;;s firsﬁ‘intérpretéd by P.

Auger (2).




stomic fluorescence or the Auger effect. The fluorescence yield or the
Auger yield for a given atémic shell is the probabilitj of the occurrence

of the respective process in the fillling of the vacancy in that shell.

~ For a macroscoplc sample of an element, if N, is the number of atoms

k
ionized in the K-shell and nk'is the number of these atoms which re-

organize by the emission of a K serles quantum then ll%, the K-shell

fluorescence yield, i1s defined as

W, =% o (1)
N

Similar definitions apply for shells other than the K-shell. Since

elther atomic fluorescence or the Auger effect account for all reorgani-

zations, the Auger yileld is given by
lA\.kll‘ wkl (2)

History of FluoreScence'Yield MEasuréments.—-The first serious work on

thé measurement of fluorescencé yields was reported in 1925 by P. Auger
{(2). Auger used as a detector fhg then newly developed Wilson cloud
chamber. Auger-ifradiéted an atmospﬁere of argon in the chamber with
xvraﬁs‘of more £hén enbﬁgh"energy'to prodqu K—shgll ionization of the

argon. The expansion photographs which Auger obtained showed the tracks

. of the argon K-shell photoelectrons and, in many events, demonstrated-

double tracks with a. common origin There was a marked difference in

the lengths of the tracks forming the double track ccmbinations The

length of the lenger track uas dependent on the energy of the initial

ionizing radiation while the 1ength of the shorter track was independent




of the energy of the initial rédiation. AAuger repeated his ekperiment
with other gases and with different x-rey energles. He concluded that
the shorter tracks were due to electrons which had been ejected by an
energy transferEoccu:riqg~dUring'the reorganization of atams which had
been ionized in the K-shell. ‘These electrons are now referred tb as
Auger electrons. Auger was sble to estimate the K-shell fluorescence
yields of the gases argon, kryptbn, apnd xenon by observing the sbundance
of the Auger electron tracks and the photoelectron tracks, the longer
tracks, revealed in the expansion photographs of the Wilson cloud chamber.
In addition, for the heavier gases krypton and xenon, Auger obtained
estimates of the L-ghell fluorescence yields in the same menner as before
except that theignergyrof theﬁinciaent radiation was lowered so that
K-shell ionizétion could not occur. Auger's methdd, although direct,

has the.disadvantages‘£hataonly ﬁaférialé in the gaseous state msy be
studied and a large number of’photograﬁhs must be taken of the cloud
chamber in order to obiain statistical accuracy.

A method of measuring fluorescence yields thﬁt has wider appli-
cation than Augér's method is one which consists of measuring the x-ray
power incident on, and fluorescent from, & secondary radiator formed of
the material whose fluorescence yield is to be detefmined. In this me-
thbd,-a primary beam of x-rays‘fram an x-ray tube pfoducea fluorescence
radiation in a radiator of high atomie weight. This fluorescence
radiation, which consists of & few characterisfic llnes, is collimated
into & narrow beam, and the power in this beam-is measured by means of
an ionization chamber. This collimated x-ray beam 13 then used to irre-

diate the sample under inwestigation and the power of the fluorescence




radistion from the sample 1s measured by a second ionization chamber.

The fluorescence yield of the sample may be calculated from these two
power measurements Provided that the solid a.ngle' subtended by the seéond.
ionizatien chember aﬁd the absorption coefficients, frequencies, and
relative inte'nsities of the x-ray lines in the incident and flueresceﬁt:e
beams are known. Many ‘inires_tigators -hé.ve uged this meth;)d or some varia-
tion of this method. 1In 1920 Harms (3) used this method in measuring ‘-_i-‘k,
the K-shell fluorescence yield of Fe, Cu, Za, Se, and Sr. In the work of
Harms, the radiation incident on the sééondary radiator was filtered in
en attempt to render this radiation monochromatic. Harms' reported
values for the fluorescence yields were in error because of an invalid
computation of the xrfg.y power frem the :ionization chember current
readings. Bsilderston (4) used the same ;nethod in the measurements of Wk
for Fe, Ni, Cu, Zn, Mo, and Ag.” The radiation‘ incident on'the secondary
rediator in Balderston's work had been monochromstized by reflection
from a crystael in a Bragg spectrometer. Compton (5) has pointed out
that Balderéton made serious errors in his computations by assuming that
the ionization produced in air by x-rays of different energies is pro-
portional te their absorption in air. Balderston's assumption is false
since scattering mskes an important contribution especially at higher
x-ray energles. Martin (6) employed this method with a filtered beam

of radiation incident on the secondary radiator to measure Wk for Mo,
Se, and Ni. In 1933 Stephenson (7) epplied the seme method for the de-
termination of “’I; for uranium a.nd la.'ber, in 1937, for the determina-

IIX
tion of w for Ni Cu, Zn, Se, Zr, Mo, Rh, Ag, Cd, and Sn.




In 1932 Locher (8) returned to Auger's method to measure W, for
oxygen, nedn, and argon. Onerthousand-nine-hundred-and-fifty~stéreoscopic
pictures were taken of tracks gormed in & Wilson cloud chamber which had
been irradiated with monochromatic x-radiastion. Although the statistical
accuracy of Locher's work was good, the identification of the Auger elec-
tron tracks was difficult, especially in the light gases okygen and neon.

Haas (9) obtained data on Uﬂk for elements of low atamic number.
In Haas' work, monochromatic incident radiation was obtained by reflection
from a crystaiumounted in & vacuum”spegﬁrometer. The fluorescence radia-
tion was measured by an ionization chamber. Haas reported values of “Uk
for the elements Mg, Si, S, gl{ Ca, and Cr.

In 1934 Lay (10) made;measurements of GDk in the region of atomic
nuibers from 16 to 34 using the x-ray.power comparison method previously
discussed. Lay, however, usedla_photographic emulsion technique rather
than ionization chambers for the determination of the x-ray powers. lay's
results differed widely from those reported by other investigators proba-
bly because of inaccuracies arising in the evaluation of the darkening of
the photographic emuisions.

In the years immediately prébédiﬁg, during; end immediately after
World Wer II, little or no work'was aéﬁé in the field of fluorescence
measurements. When work was resumed new methods were introduced that
had a number of advantages over the older techniques.

Kinsey (I1), in 1948, introduced a method for determining the
L-shell fluorescence yiglds for the radioisotopes ThB, ThC, and RaD.
Geigér counters were used to detectlboth L-séries x-rays and the alpha

or béta particles given off by the radioactive sources. In Kinsey's




arrangement, one Gelger Equnte:?@easured the number of IL-serles guanta
emitted while andther,méasuredithe"numbep of decays by detecting alpha
or beta particles. Kinsey deduced the L-shell filuorescence yields by
comparing the number of events detected by the separate Gelger counters.
In other werk Kinsey (12) was able to calculate L-shell fluorescence
yields by a ccmparison of mb@éured X=ray line widths. The values so
determined do not agree well with the values obtalned by direct means.
However, Kinsey's uerk is often used to obtain egtimates of fluorescence
yields that have not been measured.

A method of measuring fluorescence yields of g&séeus suhétances _
with greater accuracy than Auger's original method was introduced in 1949
by Curran (13). Curran used a proportional counter filled with the gas
whose yleld was to be determlped. The counting gas was irradisted with
monochromatic x-rays. Voltagevpulsgg of tup distinct smplitudes were
obtained from the proportional counter. The larger voltage pulses cor-
"respondutg~theetotel;expenditure of the x-ray quantum energy in the
counting gas. The sm%ller voltage pulses cccur when the atoms of the
counting gas reorganize with the emission of ‘K-series x-radiation which
escapes from the counter. Curran determined the K-shell fluorescence
yvield of the gas by campering the numbers of the larger and smasller
voltage pulses. In 1950 West and Rothwell (14} extended these measure-
mente to include gases of high atomic numbers.

In 1952 Broyles, Thomas, and Haynes (15) gave a comprehensive re-
view of the work done on fluorescence yleld measurements. TheSe'workers
repdrted meesured values of the Auger ylelds of Ba and Hg; These yields

were determined by observing the relative intensities of Auger electron




lines and internal conversion electron lines for the radionuclide5f03137

and Aul98. The observations were made with a magnetic lens spectrometer
employing a thin window Geiger counter.

In-1953 Roos (16) made a determination of Uﬂk,for the elements Zr,
Nb, Mo, Rh, P4, Ag, Cd, and Sn.- Roos irradiated target foils with mono-
chromatic x-radistion which had been obtained by crystal reflection. The
fluorescence radiation as well as the x-radistion incident on the target
foils were measured with a scintillation spectrometer. Roos' measurements
were extended in 1955 to include the élements Fe, Wi, Cu, and Zn (17).

In 1955 Harrison (18) using a proportionsl counter measured w,
for argon by the method of Currgn. This work also included e determina-
tion of HDk ;or Cu and Y which was obtained by comparison of K x-ray and
Ag;Apger lihe:intensities in the K capturing radioisotopes Zn65 and S§113.

In 1955 Gray (19) measured the K Auger ylelds of Y, Po, and U by
comparing Auger line intensities and internal conversion lige intensities
using .a magnetic lens beta ray spectrometer and the method of Broyles.

Choice of Method.--In choosing & method of measuring fluorescence ylelds

for the present work, a thorough review of previocusly used methods was
made with the view of determining the shortcomings inherent in these
methods. The criteria used in evaluéﬁing differeqp experimental methods
of measuring fluorescence yilelds were the following:
1) Does the methed have wide applicability, i.e., can
measurements be made on a large nuﬁber of elements?
2) Can results be obtained from the experimental dats
‘without recourse to theoretical caleculatlions of

questicnable accuracy?




3)‘5fgi€;élﬁe£ﬁe&'feééibiéﬂfrcm an economic
‘_ ' standpoint? ' ‘ .A

| Auger s cloud chamber method does notmsatisfy the first criterion
listed above since it is applicable only to samples which are in the
gaseous state at. ordlnary temperatures. The x-ray power comparison
methed as employed by Haxnm (3) and others required a large number of
theoretical cal¢ulations to be made in order to convert ionization
chamber current readings into determinations of x-ray power. The sub-
stitution of photographie plétes for ihe ionization chambers by lLay (10}
merely substituted one extended theoretical caleulation for another and
thus does not satisfy the. geé@gd, criterion. Kinsey's method (11) em-
ploying Gelger counters-fails the first criterion since measurements can
be made only on certain radicactive lsotopes. Curran's method (13),
though good, is limited to gaseous samples.. The method of Broyles and
his coworkers (15) using a magnetic lens spectrometer is only effective
for elements at the upper end of the periodic teble because of the 4iffi-
culty encountered in detecting Auge% electrons of energy less than sbout
ten kev. The method of Roos (l§) ié not well adapted for working with
elements of low atomic number because of the difficulty involved in de--
tecting phthps of energy less than about eight kev by the use of
scint;liation counters.

In order to gatisfy the first criteriom, it is necessary to use

a detebfbr'which caﬁ'operate‘eff;ciéntly over :a range of x-ray energles
from a few hundred ev to about 100 kevqa_TEis ;s the énergy range en-
compassed by the atomic fluorescence radiation from about 80 per cent

of the elements. At the same time, it is desirable that the detector
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give a response wﬁich&;slprépo}ﬁional t&;the energy of the x-radiation
being detected so that the detectb? can discriminate between radiations
of different energies. This simplifies the analysis of the data which
helps satisfy the second criterion. The gas-filled proportional counter
chosen for a detector in the present work has the characteristics desired
of a fluorescence radiation detector.

The source of x-rediation used to exclite fluorescence radistion in
a semple material éhould be moncchromatic to further insure that the se-
cond criterion is satisfied. If the source of excitation is monochromatic
or econsists of only a few discrete enefgies,'only*known absorption co-
efficlents and x-ray line intensities mgst<be used in the calculatlon of
the amount of ionization produced in a sample matérial. A suitable
method of obtainiég excltation radiation of constant intensity 1is to
employ a relastively long-lived radioisotope which decays by pure K
capture. Only the K-and L-aerieg x-rays characteristic of the daughter
atom will be present and the L-geries x-rays, being of much lower energy,
may be removed from the beam bygmeansdof an absoxber. The excitation
radiation might also be dbga;ned either by filtering thepradiatiog from
an x-ray tube or reflecting the,radiétion,from an- X-ray tube by a crystal.
In either case game provision for monitoring or mainﬁaining & constant
intensity of the x-radiation frem the x-ray tube would have to be made.

The experimental method used in this work consists of irradiating
the sample under investigation with x-radiation furnished by a relatively
long-lived radioisotope whigh.decays by K capture and measuring the
number of ineident and fluofgscence guanta by means of a proportional

counter. The analysis of the experimental data obtained in this wey




does nof necessitaté doubfful-cdlculationé as will be indicated mofe'
fully in Chapter V. ‘

It is only fair to point out scme of the sﬁortcomings of this
method. First, the K-shell fluorescence yields of the elements with
atomic numbers greater‘than;75 cannot be measured by this method since
the x-ray energy available from relatively long-lived radioisotopes which
decay by K capture is insufficient to produce K-shell iénization.in these
elements. For elements of Z. gréﬁter than 75 an-x-ray‘méchine would havg
to be used .as the source of exnitation energy. Second, the accurscy in-

herent in the method is poor if the Auger yield of the sample of interest

is very small -due to the Tact that the error is of the same magnitude as

I

the Auger yield in the region of iow Auger yields. The method of Broyles

-,ﬁwhich employs the detection of the Auger Electrons in deteruﬁning the

%Auger vield would be more suitable in this case. The L-shell fluorescence

~ylelds of all elements with Z g:eater than about«ao lie in the range where

" the detection of the L-shell quanta could lead to more accurate results

than the detecfiqn'bf the éorresponding Auger electrons.




CHAPTER III
" 'APPARATUS

A block df;grénﬁpf%thotopparatnsWnsed_in the present work appesrs
in'Fig. 1. The chief components .of the system are l) proportional
counter, 2) counting tube power supply, 3) amplifier, ) pulse height
analyzer, 5) scaler, and 6) source of excitation. A description of the‘
individual components is given below.

Proportional Counter.-eA description of the proportional counter can best

be given by describing its two constituents, the counting tube and vacuum
system, separately. |

' é Figuro 2 is‘a'oross-seotion:vioﬁ of the counting tube. The
counting tube is a cylinder made of Alcoa grade 25F aluminun. This:{
grade of aluminum was chosen because 1t is practically free of'elenonts
other than alﬁminﬁm, kence fluorescenoe radiation from the'counter'wail
is widely separated in energy from the fluoresdence radiation from the
samples of interest. The oylinder has a length of 30 centimeters, an
inside diameter of four centimeters, and a wall thickness of O.4 centi-
meter. The ends of tné cjlinﬁer are closed off by threaded lucite plugs.
The ancde of the counter is a five mil tungsten wire (Sylvania Electric
Company process NS 30) placed coaxially within theoaiuninuﬁ cylinder.

The anode is held in position'by Kovar seals mounted in the center:of
each of the lucite end plugs. Two ports are provided for the counting
tube. These two ports are separated by 90 degrees as measured on the

axis of the cylinder and are both 15 centimeters from the end of the :
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counting tube. Eachlppfttygﬁ.ma§é.by dri}ling a one-fourth inch hole
through the cylin@ér wﬁli and ££e£ coﬁnté}sinking. JOne of the ports is
fitted With‘an‘aiuminﬁmifpil Window of 6.62 mg per on® thickness. The
window of the second pgft;is‘férﬁéd‘}tdé'thg sa@ile:ﬁétéfial under in-
vestigation. The counting'tupg}is commected to the vacuum system by
meang of a three-fourth inch a%uminym pipg which 1s screwed through a
hole in one of the luci%éEénd:piugé, 'The other end of the aluminum pipe
terminates in a‘type 304 Hoke valve. All vacuum seals were_made with a
~ mixture of beesﬁax and rosin recommended by John Strong (20).

Figure 3 is a schematic drawing of the vacuum system. The yécuqm
lsystem was constructed from copper and brass tubing. All joints iﬁ»the
system were made either by héid soldering or by flange connections using
rubber "0" ring-type seals. The valves used in the system are of the
gate t&fe which have been modified by the method of Kurie (21) in order
to make them effective under vacuum conditions. Provisions are mﬁde,for
the attachment of three gas bottles to the system. The pressure in the
vacuum system is measu;ed'with an Ashcroft type 100k Bourdon gauge and
an NRC type 05-01C0 thermocouple gauge. The vacuum system employs an
NRC Model H-2 oil diffusion pump and a Welch Duo-Seal mechanical pump.
The counting gas employed in the proportional counter is a mixture of
92 per cent argon and elght per cent carbon dioxide (1%) which was |
supplied by the Chio Chemical and $ﬁfgical Equipment Company. The im-
purity content of the gas is guaranteed to be less than 0.5 per cent.

The energy resolution of the counter was measured with the aid
of the assoclated electrqnic‘apﬁaratus described later in this chapter

55 25

and the radioisotope Fe’” as a source. Fe 5

decays by K capture to Mn
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with the emission of the'K-Séfies x-rays of theidaughter atom. Figure L
is & plot of the pulse counting raté versus pulse height obtained with

the counter upon examination of the Fe55 photon spectrum. The larger

peak represents the K-series x-radiation from Mn and corresponds to an

energy of 5.9 kev. The smailor,peak is the A escape peak mentioned pre-
viously and. corresponds to an onergy of 3.0 kev. The energy resolution
of the counter is defined as the width of the peak at half its maximum
ordinate divided by the apS?isSa of the peak position. The energy reso-
lution for the Mn K rediation was found to be 0.21. In order to evaluate
toqvcounter's performence io is necessary to compare the measured reso-
1otion with the resolution which is theoretically'obtainable‘from,a pro-
portional counter undef]the conditions of operation employed.

The spread in pulse size obtained from & proportionsl counter when

the counter is observing a mopochromatic source of radiation is dueﬁp;in-

eipally to itwo causes. 'Firéﬁ, there are randem fluctudtions in the amount

of initial ionization produced in the counting gas by the passage of an
ionizing radiation through the gas and second, there are random fluctua-
tions of the gas mnltiplicat;oh about its average value. Curran (13)
has shown that these two efféétéToontribq£o~in'abOut~equal measure to the
total spread of counter pulse size. éﬁ&dé?l(22) has maede a theoretical
calculation of the spread in pulse size produced by a proportional
counter. Snyder found that’ :

(Afﬁ’izé 2 (8)° (3)

.

where (A H)2 is the mean square deviation in the size of the pulse, H is

the sversge pulse size, and 5 is the average number of ion pairs produced
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in the counter by the‘primaryribnizing radiatiqn; The rescolution as pre-
viouély defined is approkiﬁately twice the root méan square devietion of

pulse size divided by the average pulse size (23); 50 that

2(8H) 2 B k
ﬁ (5)1/2 ( )

The averagefenergy reQuired}tpipfodu;e an{i@n_pair-in the counter gas is
30 ev (24k). The energy of the x-radiation from the Fe”” source is 5.9 kev

go that n is given by

Ra5.9%103 19T x10% - T (5)
= Vﬂ30w~ : . L. ¢

t

ﬁﬂﬁéing equations (&) and

PR

‘The ‘theoreticel resolution’ is ther found to be

(5)1

2:AH 2 5‘2 X o
== = : o ® 0,202 3
B (1.97 x 100)+/2 ' (©)

The measured value of the energy resolution is 0.21, indicéting that the

counter operation is satisfactory.

Counting Tube Power Supply.--A regulated high voltage power sﬁpply was
deslgned and constructed. The eircuit diﬁgfgm»is-given in Fig. 5. The
two to three kilovolts required to opératé the pébpgrtiépél counting
tube is obtained from this circult with a ghbrt terﬁfregulatien of 0.01
per cent and & long term regulation of 0.1 pef'cent. In this cireuit,
the radio frequency output of & tuned plate oscillator is fed into a
conventional half-wave rectifier by means of a step-up transformer. The

output volﬁége of the power supply ls regulated by controlling the sereen
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voltage on the oscillator tube which-determines the'égtput,of the
oscillator.

Amplifier.--The linear pulse amplifier uséd in the'present.ﬁork is an
Atomic Instrument Compeny Model 204B. The noise and overload character-
istics of the amplifier were improved by the insertion of crystal diodes
in the griad circuits of the stages where the pulse‘polarity is inde-
pendent of the input pulse polarity. This modification did not appreci-
ably increese the rise time of the emplifier sbove its rated value of
0.2 microseconds.

Pulse Height Analyzer.--ﬁulse height éﬁalysis wag performed with a

Radiation Counter Laboratory Model 2204 single channélrdifferential‘
pulse height anslyzer. This énalyzer aécepts pulses with amplitudes
between zero and 80 volts with a window'width which is variable from
zerc to about eight volis.

§g§l§£.--Pulse rates were detérﬁined with an Atdmic Instrument Company
Model 1020A scaler. This"s¢aler hes a timelresolution of five micro-
seconds and a meximum scale of 256. The counting times were measured
with a Standard Electric Time Company ten second sweep clock.

Source of Excltation.--The source of ekgitation radilation in the present

work was thg rediocisoctope Cdlog.  cdl09 decays by K and I orbital elec-
tron capfure to Aglog with the emlssion of K- and L-series x-radiation
characteristié of the daughter atom. A nuelear gamma ray is also emitted
as a result of the decay since the transition does not lead directly to
the ground state ofvihe Agﬁﬁﬁbléﬁé. This nuclear gamma ray has an energy
‘of 89 kev and the ébﬁqrﬁtiépjgf‘fh;é‘gémmé=ray in the materials investi-

gated was negliéipie. The L x-radistion was almost totally absorbed in
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the source itself. As a result, all ionization in the éample materials
was due to the K-series x-radistion from Ag which has an energy of about
22 kev. _mhe'source wes evaporated from a solution of CdCL onto a lucite
screw. The details of the source mounting and the source collimator are
gshown in Fig. 6. fhe_source'collimator was constructed from concentric
cylinders of leed and aluminum. The source was held in position over the
ports of the counting tube by means of a bakelite ring slipped over the
outside wall of the countiné tube. A hole was drilled and tapped in the
bakelite ring for the admission of the collimated source. One end of the

collimator seated directly egainst the port over which the collimator was

positioned.

In addition to the foregoing apparatus it was found convenient to
employ & fast oscilloscope to visuslly examine the amplified eléctrical
pulses from the proportional counter and a pulse generator to check the.
performance of the electrical éircuits. The oscilloscope emplbyed was

a Tektronix type 514D. The pulse generator used was designed by the

H'author and has been described in Nucleoniecs (25).
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' CHAPTER IV
EXPERIMENTAL PROCEDURE

The materials investigated were Obtained in the form of foils of
thickness ranging from one to fivermils; The ﬁhickqesSes'of the indivi-
dusl samples-wére détermi#ed by weighing s known area of the sample with
a Christian:ﬁebker;Chéinomatié beam balance and thenfcalculaﬁing the
thickness from the measured weight and the kinown density of the sample.
After the thickness of s sample had been détermdnéd, a window was pre-
pared from the semple, and the window was installed in one of the ports
of the counting tube. The counﬁér si&é of the window waes covered wifh a
15 mg per cm? polythene foil to absorb Auger electrons. The counting
tube was then.aftached to the vacuum‘sjstem and'evaéuated. The . counter
was pumped on for a period of two days before it;wés'fiiled with the gas
mixture of argon and carbon dioxide to an gbsolute pressure of about one

-étmOSPhere. All electréﬁic équﬁpment was turned on at the beginning of .
£he evacuation period so that it would have ample time to reach thermal
equilibripmfﬁéfsre the counter was ready for active use:

Aftég'the coun;er‘éﬁd1?een:fiiieazwith;thefg;s,wFﬁg collimated
source was pdsitioned.ovér.théupbrf ;{tﬁlfhe aluiinum window and a pulse

helght analysis of theggou4£érf$ignals was perfoime@.' The collimated

source was theh bbsi#i&ﬁg&ﬁovgr tﬁe poit containing the sample under in-
vestigation and a pulse height analysisﬁﬁas again performed. This pro-
cedure, along with a measurement of the background in the counter, was

repeated several times. Finally, the collimated source was again
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positioned over the port containing the sample under investigation and a
pulse height snalysis of the signals from the counter was made using dif-
ferent counting gas pressures in the counter. The counter operating

pressure was varied from C.5 atmosphere to 1.75 atmospheres.
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" CHAPTER V
ANALYSIS OF DATA

Figure 7 illustrates the geometry of ‘the source of excltation, the
sample material, and the countiog tube. In generai,rthe rediation from
the source will contain several discrete x-rey linee with energies Ei’

i being 1, 2, 3,....1, where 1 is the total number of lines. The photo-
electric aﬁsorptiop coefficient of the'sample material for an x-ray line
of energy Ei is Moy Theiinteneity at the saﬁple of an x-rey line with
energy Ei is n, . Let dIk Be'the number of atoms ionized in the K-shell
in an axiel element of the sample of thickness dx located at the position

X. Then dI, is given by

T =P L Pi oo ex(- P, Cex]) ax, (7)

where P is the probability that the photoelectric absorption ocecurs in

the K-shell. P

RN be found from

Bes 1 —_‘Bk.;. S ®

where Rk is the retio of the X-ray absorption coefficients on the low
and high frequenoy sides of the ‘¥ absorption edge (26)
The number of atoms ionized in the K~shell that reorganize vith

the emission of K-series fluoresoence radiation is

@it (9)
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- where @ is the K-shell fluorescencedyield. The K-series fluorescence

k
radiation will be isotropic (27) and will c¢cénsist of several discrete

lines with enefgg.es E_'f and intensities N, where f = 1, 2, 3,....m, m

f’
- belng the numbe;'? of K-serles fluorescence x-ray lines. The intensities

' are normalized so that X N, = 1. The sbsorption coefficient of the

gl o

S

sample for a fluorescence x-ray line of emergy E; is M o The amount
of fluorescence radiation emitted by the axial element of the sample

'} vhich enters the counting tube is then

o

wkfuk . S ZNfgmf- M x seeé) sine d@ . {10)

f
o

-
S

! ; o . T
i ‘i

Final_‘l.y , the gbotal amount of fluorescence ra.dn.ation en'bering the counting

tube from a.ll the axial elements of the sa.mple is

] )
“' I o . ‘t o ta.n '19-

'_N"exp(-'-lf X ‘sece )

B @ S g M 1“1‘”‘9( o £-x1') Zf

; T
o x-ooao ‘

sin® de dx . (11)

. Although the calculation of F could be carried out in its exact

-.f‘;*ﬂrp.-
-
-

\ form, it is convenient to make some sirﬁplifying approximations. The K-

\series radiation from the scurce of excitation is composed slmost entirely

, respectively (28). The respective energies of these lines as
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determined from Hill's tables (29) are 22.160 kev, 21.988 kev, and

24,942 kev. These x-ray energies are nearly the Qame and the absorption
coefficients of the sample materials investigated vary smoothly with
energy in the energy range of these lines, hence, a reasonsble approxi-
mation is to use a single effective absorption coefficient which cor-
responds to the weighted average energy of the‘excitation x-ray lines.
This same approximation can be made in detefmining an effective absorption
coefficient for the—fluoreécenge radiation from the sample materisl. With
theserapproximations, the sums appearing in the expression for ¥ are re-
duced to a single term each and

t  tan 12
o ' - x

F=1/2p @ MN\

{ ool-Bytenen(-Pex seco)
X=0 ©@=0 )

sin® d@dx  (12)

where ;Fli;is the effective absdrption coefficient fof the excitation
radiation, Fif is the effective absorption coefficlent for the fluo-
rescence radiation, and Ni is the intensity of the excitéfion radiation
at the sample- surface, 'i.e., Ni = ZE n,. Note that N, has disappeared
from the expression for F because z; Nf = 1.

The evaluation of the various factors aﬁpeafing in equation (12)
is now”discussed. The thickness, t, of the sample meterial is known

from the measuremeﬁt described in Chapter IV. The energles of all x-ray

lines are determined from the tables of Hill (29). The x-ray absorption

7 T TR
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coefficients are obtaiuedifrouathe tabulated data in the Handbook of

Chemistry and Pugsicsy(Bp)c The relative intensities of the x-ray lines
are taken from Williams (28) The integral appearing in the expression
for f may now be evaluated graphically.: :

In’ order to. determine F, the amount of fluorescence radiation
entering the counter, a graph”of the pulse counting rate versus the
pulse heigﬁt for the'fluoreecEncefraaiation'detected by the counter was
made. The area of this greph‘is ¥ uultiplied by the efficiency of the
.couuter for'tﬁe'fluorescence radiation. The efficlency of the counter
was determined by studying-the areas of a eequence of these graphs as a
- function of the gas pressure in the countiug tube. FEvidently, the area
of such a graph 1s proportional to the EOunter:efficieBCy at that pres-
sure. Tt wes ﬁoeeitle to increase the pressure in the counting tube until
practically gll the fluorescence radiation entering the counting tube was.
gbsorbed, i.e., until the efficiency of the counter for the fluorescence
radiation was nearly unity. A graph of counter efflciency versus counter
pressure is presented in Fig. 8.

In order to determine Ni,
on the sample, a graph of the puiee counting-rate versus pulse height for

the intensity of:the x-ray beam incident

the excitation radiation detected by the counter was also made. The area
of this graph is Ni multig}%eu by the efficiency of the counter for the
excitation radiation provided a small correction.is‘made for the absorption
ﬂwhichiOccurs in the thin aluminum‘window of the counting tube. The ef-
ficiency -of the counter for the excitation radiation could not be deter-
mined as it was for the fluorescence radiation because it was not feasibie
to increase 'the pressure in the counter until practically all of the ex-

citation photons were absorbed. The efficiency was studied as a function
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of préssure, however, to verify the absence of any will effect. In con-
trast to the fluorescence radiatiom, the ekcitatibn-radiation is a col-
limated x-rey beam and, therefore, hes & well defined sbsorption path in
the counting tube equal to the inside diameter of the counting tube. The
sbsorption coefficient of the argon gas for the ex;itationV;aaiation can
be evaluated using tabulated absorption data {30). The efficiency of the
counter fof the excitation rediation is, thus, simply l-exp(e}lcd) whére
r%'is the absorption coefficient of the gas for fhe'excitation radiation
end d is the inside dismeter of the counting tube.

In terms of the expefimental quentities,

-A
F = af (13)
§whéréiAlis'tEe ares of théfgfaﬁh'Of pulse'countiné,rate versu%g@ﬁlse
height for the flﬁdréééeﬁéefradiatidn and Qp 1s the efficiency of the

counter for fhe:fluorescence radiation and,
neDlem(e) (1)
i“Qi wow :

where B is the area of the graph of the pulse counting rate versus pulse
height for the excitation radiatlon, and Iiw'and tw are, respectively,
the absorption coefficient and thickness of the aluminum window.

Finally,

. S A (15)
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where
t  tan 2
Is S g exp'[-'p'i(t-x)] exp(;gfxsece ) sin® d@ dx . (16)
X=0 =0

Thus, u:)k can be calculated once the factors F = %Q:fa.nd Ny = -g-l are deter-

mined from the experimental data.
The L-shell fluorescence yileld, UU L’ is found by use of expressicns
similar to (15) and (16) except that P, is replaced by P, the probability

that photoelectrie absorption occurs in the L-shell. The factor PL may be

calculated from tabulated data on x-ray absorption ccefficients (30) by

noting that
PLe=l-By o RI-I;.,',III-.,,I‘ZI,II, M ()
where RI II is the’ ratio of tlie x-ray absorpticn coefficients on the low
’

and high. frequency sides of the L absorption edge, ‘is the ratio

s II III
of the x-ray absorption coefflcients on’ the low and high frequency sides

of the absorption edge, and R is the ratio of the x-ray ab-
I

III, ‘M
sorption coefficients on the low and high frequency sides of the LIII

absorption edge (27).
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CHAPTER VI
RESULTS AND DISCUSSION

Teble 1 lists the effective absorption coefficients, sample
thicknesses, probabilities of K- or L-shell ionization, ‘and the values
of the integral I equation (16) Table ‘2 1ists the areas, A ‘and B, of
the graphs of counting rate vergus pulse amplitude, the counter ‘efficien- |
cies Qi and Qf, and the correction factor for absorbtion of excitation
radiation in the’ aluminum counter window. ' |

The areas of all graphs were determined using a K and E compensa--

ting polar planimeter. Each area was measured with the plsnimeter at

Le lﬁten times and the error associated with the measured value of an
é&eé was taken to be the greatest observed deviation from the arithmetic
nmean of the ten:measurements. This erroriwas'found to be approximately
one per cent. The error associated with the efficiency of the counter
for the excitation radiation is about two per cent. This is due to an
uncertainty about the'gas'pressureiin‘the counter and corresponds to an
error in the pressure of spproﬁinstely,ten per cent. The errors in the
quantities entering into the calculstionsbof'the fluorescence yields are
then one per cent in A, onelper cent in B, one per cent in Qf, two per
cent in Qi’ and 1.5 per cent in I since the evaluation of the integralr
depends on the product of two measured areas. Thejprobable error in the

fluorescence yields is then ¥ three per cent. Table 3 lists the ob- m

served fluorescence ylelds along with their probable errors. t




jTa"ble l Experimental Qua.ntities B '_

Atcﬁlic }

v B, t P P I
Number iy Ty k L
em .. cm " cmx10'3
28 214 505 1.045  0.880 4.81x107"
29 231 453 L4.ok4 0.879 b .Bhx10™
30 221 365 13.5 0.875 1..15x:L0"1‘L
82 851 908 5.02 0.75k 2.07x107°
Table 2 - Graphical Areas and Counﬁer Efficiencies
Atomic Area Ares (.;}',:1 Qf . Window
Nunmbey A B Correction
28 8.52 32.68 0.042 0.69 1.017
29 9.76 31.30 o.0u2 0,69 1.017
30 3.05 31.34 0.042 0.82 1.017
82 1.10 34,90 0,042 0.50 1.017




Teble 3. Measured Values of Fluorescence Yields
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Atomic Wk W L
Number Averaged Qver
All Sub-shells
28 0.33 ¥ 0.01
29 0.39 ¥ 0.01
30 0.kl ¥ 0.01
82 0.39 ¥ 0.01




A comparison of the reéults of thé:pfesent work with those of

other in#estigators indidaﬁés’that the K-shell values are in good agree-
‘ment with the maasurements.of Arends in all cases and with Berkey in the
case of Zn while the other falues listéa by ﬁﬁfhop tend to be slightly -
higher (26). Recent measuréﬁents by Hérrison-(la) on Cu and Rodé”(l?)

on Ni, Cu, and Zn are in agreement with the present résults. The L-shell
result for Pb is iﬁ good-égreement withiihe'mgasurements for this region
of the periodic table made by Lay (10) and Kinsey (11) but is higher than
Kinsey's estimates based on x-ray line widths.‘

| Even though measurements were made oﬁ‘just 8 few elements, the
method is adapteble for mgasuremeﬁts ofaﬁhg.K;'and L-shell fluorescénce
yields for about 80 per cent of the elements. In particuler, it would

be desifable to adapt the method to measure the fluorescencé yields of
the various sub-sheiis of the L~sheii. This could be done by using an
x~ray machine and a crystal monochromator as a source of excitation
radiation. In this way, the sub-shells‘of the L-sheil, LI’ LII’ and LIII’

Ly’ wlf'n” wLIII

duslly determined. These fluorescence ylelds would be of value in nuclear

could be selectively excited end W could be indivi-

problems involving internal conversion and K and L orbital electron

capture.




CHAPTER VIT
TAEORETICAL CONSIDERATIONS

The theory of the Auger effect was first given in 1927 by
Wentzel (31), with subsequent‘éqntributiané to the théory being made by
Mpller in 1931 (32). Theorétical=calculations of the fluorescence yield
have been iade by Burhop (33), Pincherle (34), Burhop and Massey (35), and
Rubenstein and Snyder (36). The following discussion is based on the re-
cent survey of theoreticel methods given by Burhop (26).

In the Auger effect; the system of interest consiéts Of'apiatqm

which 1nkth§ initial state 1s ionized in an inner level. - The fiﬁal state

%fihé%gysﬁgm‘consists of the atom with an inner level occupied and with

one eléctron, an Auger electron, in a state of positive energy i.e., in

a free particle state. iﬁcbérding to the method of Wentzel the perturbation

inducing an Augé%'tr&ngitiggfié?tpe’direct coulomb interaction between the
two elecffoqs involved in the radiationless transition of the atomic-
systenm” from the miizg.%l_.to the fina.l state: The Auger transition proba-
ﬁility'i:e.,‘thé'numﬁer éf ﬂuééﬁ}pTOCessesVocéufringtpeigsecond involving
the atamiclstates iand T, ié¥

en s 2Tt RY |2 €212 (18)

where 4;n is given by

:S:Sn;‘*ﬁi’fa) 3_2-: YR, (19)
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and 4;n is given by

Sy e e ve nee, . (20)

\r, -l

172

In these expressions, bn is the nonreletlvistic radiationless transition
2 ' ' ‘
ig the direct coulomb interaction operator between electrons

rate, -
-ra

Ty
located at Ei and Eé, respectively, “; and W}

describing the two electrons involved in the transition in the initial

are the wave functlons

and final states, respectively. For example, ﬁ& might represent an
electron in the L-shell and an electron in the M-shell when there is a
vacancy in the K-shell and;_ ﬂ@ w6gldff§§;§Sen§§an‘electron which has oc-
cupled the vacancy in the K-shell égd an électron which has been ejected
fram tﬁe_%tqm,'dh_ﬁﬁger electrén.n.Iﬁ?theée expressions, the final state
wave fuqction N} is normalizéq to represéht oﬁe ejecﬁedaelectron per
unit tiﬁéjper unit energy range. The term 4ih’=’ {;n appears in equation
(18) in order to take intﬁ'account the fact iﬂét the initial and final
state wave functions must be antisymmetrical in the coordinates of the
itwo electrons. The properly symmetrized form of the initisl state wave
function would then be

p"1/2 {“;(5152) - ‘Pi(?a,}'l)} (21)
and similarly for the final state wave function. Following this method
of Wentzel, Burhop has made theoretical calculations of the fluorescence
yield of the K-shell in silver (33). In making his calculations, Burhop

used screened hydrogenic wave functions.




Furtherlthedretical célculations haxe been made by Massey and
Burhop (35) according to a.rélativistic theory. . Mﬁssey and Burhop used
four component Dirac wave functions and the méthod of.treating the per-
turbations due to the interaction of two electrons as introduced by —
Méller. This calculation involves the considerstion of a two-step pro-
cess in whicﬁ the vacancy in the inner shell is filled through a radiative
trensition. The radiation field for this transition is computed. In the
secSnd step of “the procesg, 8 hiéher shell electron is considered to be
“ejected througﬁ the interaction with thiﬁ‘radiatién field. In the rela-

tivistic caleulations, the Auger tranéition rate is given by

b2 R BT - ET2 @

! where ' 1;r is given by

* = ‘ L=y i
(9 oo, - o@ 8} ¥, (re (23)
and 4ér is given by
W = £ _ 7",: N p— —
e () e, - eT} W (Flar . (24)
In these exp;ggggdﬁsf: ﬁ;ﬁ'afé'mirac'wéve functions describing

-the Auger'eieé£r0n %n its éqsgiblqpig;mial;bopnd'§?gtés‘and. W% is the
Dirac wave fﬁéction desériﬁiﬁg-fhé"Auéér-elecpron in 1ts final free parti-
cle state, & is the usual matrix aésociéted with the Difac equation; and
the term i -eao - e‘-E is tﬁe operator representing the interaction be-

tween an electron éﬁd4a’r§didtion fieid (37) in which




L1

e = =1
a(F) - S 1 ememid, T ho et (25)
B -
T Ry —.1 by _— — - E
a(r) = c'l5 1 ewemid, VPThY Eheart . (26).
‘-i_—_-ll c

Physically,qao(?) represents the retéfded scalar potential due to a charge
distribution described by g?fi and a(r) represents the retardéd vector
potential due to a currenf.density described by éifi' The charge and
current distributions are considered to arise from the electron which
undergoes a radiative transition i.g., ip emlits & radiation field which

is thenrabsorbed by the Auger electgdﬁ'leading to- the Auger electron's

ejection from the:atom.

Cor-e L% e

X, end -'X.f are the Dirac wave functions describing the initial and
final states of the electron which undergoes the rediative transition.
‘It is to be noted that the:Dirac wave functioms employed deseribe indivi-
dual electrons only and cqpnot be m@ﬂgiup of properly symmetrized wave
functions describing two electrons. Iﬁ the equation for br, the difference
{ir - 4;r ig teken s0 as to make the relativistic expressiom correspond
to the nonrelativistlic expressions at the nonrelatifistic limit.

The fluorescence yield of a given atomic level is the ratio of the

total radiative rate feeding that level to the sum of the total Auger rate

and radiative rate feeding thet level from all other possible atomic levels.

The fluorescence yield for the p level is then given by




ho

o
@ =n - (29)
LT aatd

where }E ag is the summation of radiative transition rates over all
levels o? energy greater than the p level end 'E; E: bﬁm is the sunm-
mation of Auger transition rates over all peirs o? levzis for which an
Auger transition to the p levei is energetically pogsible. In the calcu-
lations of the a's, the fadiatiﬁe transition rates,‘ohly electric dipole
transitions need be considered. Tﬁe a'srare then determined by equations

of the form

. 3. 2 o
D NP WA W . S
:a.n =; 64 TT ) 0 np7 |11192l ’ (30)
3n¢ 3
where o:q>is the frequency of the radiation emitted and is equal to o P

and Mhp is the matrix element of:the'electrié dipole moment which is given

by
* — e
M= g?% er 7Cidr (31)

gnf is the wave function describing an electron in thg P level and ﬂzi
is the wave function describing the electron in the n level. The dipole
moment operator is @7T. _
The theoretical calculationé oanuger; Burhop, aﬁd Massey and
Burhop have led to the conclusions that the Auger transition rate is
essentially independent of atomice number.whereas the radiative transition

rate is proporticnal to the fourth power of the atomic number. It follows




then from the equation for W that the fluorescence yield should be of

the form o % where of and @ are constents. This may be written as

G +azl
-l

(1L =% E' )  vhere § = fé— . Thus the theoretical expression for the
fluorescence _yield' is |
‘ - -k -1 '
@ (1 +¥2T) . (32)
Burhop (26) has made & comparison of the theoretical prediction,
equation (32), with the everage values of the K-shell fluorescence yields
as reported by investigators prior to 1952. Burhop found good agreement

uging as ¥ the value 1.12 x 106. Figure 9 is = graph of the K-shell

values obtained in the present tork presented in the form of wk versus
y . e 19y
Z . The straigﬁ{ 'iir":e obteined cor:?ésponas' toa ¥ of 1.1k x 10°.




Fig. 9. Measured Variation of
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SAMPLE CALCULATION

Figure 10 is a greph of the pulse counting rate versus pulse

" height obteined with & nickel sample. The afea included under the 7.5

kev pesk is the area A of equation (13). This area as listed in Table 2

is 8.52. The efficiency of the counter for the nickel fluorescence radia-

tion from Table 2 is 0.69. From equation (£3),

F = %f,
A (13)
F e %fgg = 12.34% .
Fram eguation (14);
N, =2 Fexp(JFl't ) r Ylh)
i- Qi‘ ww :

i1 )

The area B from Table 2 is 32.68,HQ1 is 0.042, and the window correction

exp( fkwtw) is 1.017 so that N, becomes

32.6é 1.017
Ny = { (o;géa) L. 92

From equation {15),
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Fig. 10. TFluorescence and Excitation Spectra Obtained with a Nickel Sample
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From Table 1, P, 1s 0.880, Fi is 214, and T is k.81 x 10'1*. Therefore,

w . '(ié)-(12_.31,+).l B .03,
(792)(0.880) (214) (4.81 x 107)
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