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The Auger ESect in Relative Intensities and Widths of X-Ray Lines
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A systematic study of the widths and relative intensities of certain L lines in the atomic
number range 70~Z~81 has been made with a two-crystal spectrometer. It was found that
in going from Ta (73} to Tl (81) the width of lines arising from Lz initial states increased in
energy by approximately six electron volts, while the widths of lines arising from Lzz and Lzzz

initial states increased by only approximately one electron volt. Further, the intensities of
Lz lines relative to the intensities of Lzz and Lzzz lines showed a marked decrease with atomic
number. Both of these variations can be attributed to the rapid increase with atomic number
of the probabilities of the Auger transitions LI~LzyzMz~ and Lz~LIIIM~. The results on
line widths are in accord with the theory of Weisskopf and signer. All the data recorded
indicate that Auger transitions are of prime importance in determining the relative intensities
and widths of certain x-ray lines.

I. INTRODUCTION known that the probabilities of the Auger transi-
tions from an Lz initial state to the 6nal states of
double ionization LIIIMzy and LIIIMv are raPidly
changing with atomic number. Therefore, one
may expect appreciable changes in relative in-

tensities and widths of lines arising from Lz
transitions. The expected variations are clearly
shown by the data reported here.

HAT the Auger efI'ect plays an important
part in determining both the relative in-

tensities and the widths of x-ray lines was 6rst
recognized by Coster and Kronig. ' Auger transi-
tions, otherwise known as radiationless tran-
sitions, increase the widths of lines since they
decrease the lifetime of the states; secondly, they
decrease the relative intensities of diagram lines
since Auger transitions allow an atom to leave a
state without emitting a quantum; thirdly, they
increase the relative intensities of "second-order"
lines, otherwise known as "satellite" lines, since
the 6nal states of many Auger transitions are the
initial states for satellite emission.

The importance of Auger transitions in x-ray
spectroscopy is increased by the fact that their
probabilities often vary rapidly from one element
to the next. Accordingly, the Auger e8'ect pro-
vides exactly the sort of mechanism required to
explain the puzzling variations that have been
observed in line widths and in relative intensities.
Indeed, this rapid variation of Auger proba-
bilities with atomic number makes it possible to
distinguish the results of Auger transitions from
the eEeets of other processes.

The present paper reports systematic measure-
ments of the widths and relative intensities of
certain L-series lines for elements of atomic
number between 73 and 81. In this region it i

II. THEORY OF SHAPES AND WIDTHS
OF X-RAY LINES

On the assumptions of the Dirac radiation
theory Weisskopf and signer' found that the
frequency distribution of a line arising from
transitions between the states A and 8 was

given by

(I'"+I's)Av
j(v)hv=

L(i'"+~')/21'+4 '( —~s")'

Here FA and F~ are, respectively, the reciprocals
of the mean life3 of atoms in states A and 8, and
vs = (E~ Zs)/h where E—~ and Es are the most
probable energies of states A and B. The full

width at half maximum of this distribution
is 6v = (7"+Fs) /2s. in frequency units, or
A&=h(r++Z's) in ergs.

The width of a line is seen to be proportional
to the sum of the reciprocals of the mean lifetimes

* Now at the University of Southern California.
' Coster and Kronig, Physiea 2, 14 (1935).

s Weisskopf and signer, Zeits. f. Physik 63, 54 (1930).
'The mean life of atoms in the state A is here defined

as the time required for E atoms in that state at time t =0
to be reduced to 1/e of N (e is the Naperian base).
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of the initial and final states. It is convenient to
interpret kl'" and IIII'~ as the energy widths of
states A and 8, respectively. Speaking in these
terms, one may say that the width of a line is
equal to the sum of the widths of the initial and
6nal states.

The reciprocal of the mean life of a state F" is
equal to the sum of the probabilities of all
spontaneous transitions from state A to any
other state, so one may write

PA —Q ~sA.
B

where y~~ is the probability for the transition
A —+8, and the sum extends over all possible
transitions. Taking account of both radiative and
Auger processes, one may rewrite the above in the
forn1

where yg" is the transition probability for the
radiative transition A —+R and y8" is the proba-
bility for the Auger transition A~5.

Several investigators have made calculations
on the relative importance of radiative and Auger
transitions in determining the widths of energy
levels. Ramberg and Richtmyer' have computed
both Qs ps~ and QB ys" for the X, Ii, Mi, Mii,
Mnz, and

¹
levels for Au (79).They found that

the radiative process accounts for almost all the
transitions from the E shell, but that for all other
levels investigated, the Auger contribution to the
level width was dominant. For the I.z level of gold
they found the ratio of Auger transition proba-
bilities to radiative transition probabilities to be
six to one. Pincherle, ~ working on gold but using
hydrogenic wave functions, also found this ratio
to be roughly six to one, although his calculated
value of the width was less than half that of
Ramberg and Richtmyer. Such data as are
available on Quorescence yields con6rm the idea
that Auger transitions are often far more prob-
ablc than radiativc ones.

Further, an Auger transition may be highly
probable for one element, and forbidden for an
element adjacent in the periodic table. ' Any

4Ramberg and Richtmyer, Phys. Rev. 51, 913 {1937).
~ L. Pincherle, Nuovo Cimento {N.S.) Sl, 162 (1935).
~ This is true because such a transition is possible only

when the energy of the initial state is greater than that of

abrupt change in the probability of a given Auger
transition should result in a corresponding change
in the width of the initial state and hence in a
variation of the widths of all x-ray lines associ-
ated with that state. Thus, for a series of ele-
ments, one may study the changes in the proba-
bility of an Auger transition through observations
of the variation in the widths of selected x-ray
lines.

III. THE AUGER TRANSITIONS Lz~LzzzMz~, ~

The two Auger transitions that are the primary
concern of this paper have a common I.z initial
state and their final states (of double ionization)
are I-zzzMzv and LzzzMv. These radiationless
transitions are possible whenever the energy of
the Lz state is greater than the energies of the
states LzzzMzv and LzzzMv, respectively. In Fig. 1

the difference in the i/R values of the I.i and I.iii
states is plotted as a function of atomic number;
on the same graph, the v/R values for the Miv
and Mv states of element Z+1 are also plotted.
It is clear from the 6gure that the Auger transi-
tion Lz~LzzzM~ can take place for elements of
atomic number below 50 and above 73, while the
transition Lz~LzzzMz~ is conhned to elements of
atomic numbers below 50 or above 77.

Lz Lz
If the probabilities 'YLzzzmzv and 'YLzzzmy become

sufFiciently large, they may constitute the princi-
pal factor in 6xing the width of the Lz level.
Calculations of Ramberg and Richtmyer' indi-
cate that these two transitions alone contribute
62 percent of the width of the Lz level for gold.
For elements of atomic number between 50 and
72 these transitions are forbidden and so con-
tribute inappreciably. On the basis of these
considerations one should expect a large change
in the width of the I.z level for elements between
72 and 79.

Data on the satellites of the La. doublet con6rm
the importance and high probabilities of the
Auger transitions Iz—+LzzzMzv, v. The Lo. satel-
1ites, according to Druyvestyn~ and others, arise
from transitions from the states of double ioniza-

the 6nal state {ofdouble ionization} and is most probable
when this energy difference is not too great. %hen the
energy difFerence is very large, the probability of the Auger
transition is small, since the wave function describing the
ejected electron oscillates too rapidly to make the transi-
t&on probability integral large.

~ M. J. Druyvestyn, Zeits. f. Physik 43, 707 (1927).
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FIG. i. Coster-Kronig diagram. The Auger transition LI~LIII Mzv (LI~LIIIMv) is
possible for an element of atomic number Z if the energy di8'erence Lz —Lzzz is greater than
the energy of the Mzv(Mv) level of element 8+1.

tion LIIIMzv and LIIIMv. Early observations of
these satellites showed that they were intense
relative to the La doublet for elements of atomic
number above 73 and below 50, while they were
very weak for elements in the atomic number
range 50~Z~73. The explanation of this in-
tensity anomaly was proposed by Coster and
Kronig' who suggested that the high probability
of the Auger transitions Lz—+LIIIMzv, v for ele-
ments below 50 and above 73 should result in a
great increase in the number of atoms which
reach the initial state for Ln satellite production.
Hirsh' measured photographically the relative
intensities of the Ln satellites in the atomic
number range 40~Z~52. His data confirmed the
prediction of Coster and Kronig, as have subse-
quent measurements on the Ln satellites by
Randall and Parratt, ' who used a two-crystal
spectrometer.

Shrader, ' also using a two-crystal spectrome-
ter, has determined the relative intensities of the
Ln satellites for elements of' atomic number
between 73 and 92. His results are shown in

8 F. R. Hirsh, Phys. Rev. 48, 722 (i935).' Randall and Parratt, Phys. Rev. 5'i, 786 (1940).
'0 R. E. Shrader, unpublished work. The author is

grateful to Dr. Shrader for the use of his unpublished curve.

Fig. 2. The curve fitting his data is arbitrarily
resolved into two components, one assigned
to each of the transitions Lz—+LzzzMv and

which are possible for elements
of atomic number greater than 72 and 76,
respectively.

If one assumes that the sum of the proba-
bilities of the Auger transitions Iz—+LIII3fzv, v 1s

roughly proportional to the relative intensity of
the Ln satellites, it is apparent that the sum

Lz Lz
YLIII~Iv+ ~LIII~v should increase rapidly with
atomic number for 73~Z—81.As a consequence,
the width of the I q level should increase with atomic
numberin this range Data pres. ented in the present
paper confirm this assumption and prediction

Any increase in the probabilities of Auger
transitions from the Lz state should result in a
decrease in the intensities of I.z lines relative to
the intensities of Lzz and I.zzz lines, provided
(1) there exists no corresponding abnormal be-
havior in Auger transitions from the Lzz and Lzzz

states, and (2) the ratio of the numbers of atoms
reaching the Lz, Lzz, and Lzzz states is constant.
This prediction is based on the obvious fact that
the relative number of atoms leaving the Lz level
by radiative transitions must decrease as
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the Auger probabilities increase. Coster and
De Langen" have shown that the intensities of
the I-~ lines, I.pa and Lp4, are smaller relative to
the intensity of the Ln line I.p~ for Ag (47) than
for Sn (50) and Sb (51).The probabilities of the
Auger transitions I„z~IzzzMz~, ~ are much greater
for silver than for tin and antimony, so their data
are in agreement with expectations. Data pre
sented in this paper reveal a marked decrease with

atomic number in the intensity of the L,z lines
refative to the I~~ and I nm lines from Ta (73) io
Tl (81).

IV. EXPERIMENTAL

The direct-reading two-crystal spectrometer
used in the present work has been described by
Richtmyer and Barnes. "

The ionization chamber, 10 inches long, was
filled with argon to a pressure of three atmos-
pheres. At one angstrom the chamber absorbed
99 percent of the incident intensity. Special
provision mas made to collect ions produced near
the entrance window before re-combination. The
ionization currents were amplified in a Brown-
DuBridge circuit, mith an FP-54 electrometer
tube mounted adjacent to the ionization cham-
ber. Either of two input resistors, of the order of
10"and 10"ohms, respectively, could be placed
in the control-grid circuit.

The x-ray tube was of the Coolidge type with
demountable filament and target assemblies.
Because the target was not shieMed from the
filament, the maximum ordinate was checked
after recording each spectral curve to make
certain that no appreciable tungsten layer had
been deposited on the target. The focal spot was
roughly 10&5 mm. The x-rays made an angle
of thirty degrees with the target face; the cathode
electrons, sixty degrees. The tube window was a
disk of beryllium which transmitted 84 percent of
the incident intensity at 1.274A (Au I.a~)

The targets used were prepared as folloms:
Yt (70) and Lu (71) powdered samples, reported
to be "alloyed" with aluminum, mere pressed
into a thin layer of lead (82) which had been
melted onto copper and silver, respectively.
There mere definite x-ray spectral indications

"Caster and De Langen, Physica 3, 282 (1936).
"Richtmyer and Barnes, Rev. Sci. Inst. 5, 351 (1934).
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Fzo. 2. The intensity of the ra satellites relative to the
I.e doublet as a function of atomic number. The curve abc
represents the contribution of the Auger transition
hz~1 zzzMv, while the curve fgk is attributed to the transi-
tion I.z~lzzzMz~. (Data taken by Dr. R. E. Shrader. )

that other rare earths were also present in the
samples. These targets were not entirely satis-
factory and the pomer dissipation had to be
limited to approximately 300 watts in each case.
The Ta(73), W(74), and Pt(78) targets were
made by hard soldering a strip of each to copper.
Crushed metallic bits of Rh (75), Os (76), and
Ir (77) were forced into silver with a hydraulic
press. A thin foil of Au (79) was hard-soldered to
25-ml silver. These targets were entirely satis-
factory for powers up to one kilowatt. The
Th (81) target was made by evaporating thallium
in vacuum and allowing it to condense on a sheet
of 10-ml copper which had been previously soft
soldered to the target carnage. The evaporation
was carried out in a tube designed to hold the
entire target carriage, so that it would not be
necessary to heat the thallium once it had been
deposited. It was necessary to limit the x-ray
tube power to 500 watts to prevent the re-
evaporation (or sputtering) of the thallium.

The data for all lines of a given element were
recorded at the same x-ray tube voltage. For
every element except thallium, this voltage was
approximately three times the excitation potential
of the I z state. With the thallium target the tube
was often unstable at this potential (46 kv) so all
thallium data were taken at 42 kv. Tube currents
varied from one to thirty milliamperes. Both the
tube voltage and current were maintained con-
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stant within 1.5 percent by manual control
throughout the recording of each spectral curve.

V. CRYSTALS

The observed widths of x-ray lines should be
corrected for the hnite resolving power of the
spectrometer. For a two-crystal spectrometer the
resolving power depends on (1) the geometrical
divergence of the x-ray beam and (2) the diSrac-
tion patterns of the crystals. Parratt" and others
have shown that with slits properly arranged the
resolving power of the spectrometer is limited by
the crystal di6raction patterns. For the data
presented here the geometrical resolving power
was 250,000. This is approximately 25 times as
great as the physical resolving power of the
instrument, as determined by the diHfraction

patterns of the crystals.
The correction to the observed width of a line

may be a function of the width and shape of the
line in question, as well as of the di8raction
patterns of the crystals. Several correction
formulae have been proposed and used for cor-
recting widths reported in the literature, but as a
general formula each is open to question.

On the approximations (a) that the diffraction
patterns of the crystals in both the (1, +1) and
(1, —1) positions are identical, and (b) that their
shapes and the true x-ray line shape may each be
represented by a Gaussian error function, it has
been shown that

8"p' = 8 ()' —lV.',

where 8'~ is the true width of the line, and TVO

and W. are the observed widths in the (1, +1)
and (1, —1) positions, respectively. Since Wo for
L-series lines is considerably greater than W'. , one
may write

Wz = WOL1 —(W,jW())']&,
=Wp —(W.m/2 Wo) .

Thus for Gaussian error shapes the correction is
proportional to the square of the (1, —1) width
and inversely proportional to the width of the
observed (1, +1) curve.

If one assumes the shapes to be given by the
classical dispersion function, the correction
formula may be written in the simple form:

8"g = S'0—lV..

Here the correction is simply the width of the
(1, —1) curve and is independent of the observed
width of the line. The correction for the classical
dispersion shapes is always greater than that for
the Gaussian error shapes.

There is much experimental evidence that the
(1, —1) shapes of most lines in the wave-length
region 0.5A —) —3.0A lie somewhere between the
classical dispersion and the Gaussian error
shapes. Parratt and Miller" have shown that the
square of the classical dispersion curve gives a
reasonably good 6t for a large number of ob-
served (1, —1) shapes in this wave-length region.
The fact that the shapes of observed (1, —1)
curves lay between the Gaussian error and
classical dispersion shapes led Richtmyer, Barnes,
and Ramberg" to prqpose the correction formula

TABLE I. Data on condition of calcite crystals.

Date

Dec. 1938
Apr. 1939
Oct. 1939
June 1940
Jun, e 1940

Observer

Shrader
Parratt
Cooper~
Cooper
Cooper

Radiation

CuXa 1.54A
MoXa 0.71A
MoXa 0.71A
MoXa 0.71A
CuX'a 1.54A

(1, +1) (1, -1) Per-
full full cent

width width reflec-
x.u. x.u. tion

0.15 61
0.38 0.087 48.5
0.36 0.088 56.5
0.365 0.090 55
0.57 0.152 60.5

'3 L. G. Parratt, Phys. Rev. 45, 749 (1934).

+ Between the measurements of Parratt and those of Cooper the
crystals were ground and etched several times. following the method
of Maiming fRev. ScL Inst. 5, 316 (1934)j.The increase in the widths
of the (1. +1) and {1.-1) curves and the decrease of the percent
reflection from October, 1939 to June, 1940 is probably due to general
deterioration of the crystal faces, although the de'erences are all of
the order of the uncertainties involved in the measurements.

which gave more consistent values for 8'g of
certain lines than did either of the formulae
above.

In the search for a better established correction
formula Parratt" made extensive measurements
on the widths of certain Ee doublets in various
parallel and anti-parallel positions for 16 pairs of
crystals. He found that for several pairs of
crystals one could write 8'~ = W'0 —29W,"where
Wr is the true width, W. the (n, n) width—, and

' Parratt and Miller, Phys. Rev. 49, 280 (1935}.
's Richtmyer, Barnes, and Ramberg, Phys. Rev. 45, 843

(1934).' L. G. Parratt, Rev. Sci. Inst. 5, 387 (1935}.
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Tsar.E II. %idths of I;series lines.

Line Transition (x.u.)

d,X
obs.

(x.u.)
cor.

(x.u.)

aV Estimated
cor. Error in
ev hX obs. Line Transition (x.u.)

hX AV Estimated
obs. cor. cor. Error in

{x.u.) (x.u.) ev d 'h obs.

Ytterbium (70)
LP3 Lr~III
Lp4 Mzz
Lvs Nrzr
LP1 LII~zv

Lutetium (71)
LPe LIMIII
LP1 Lzr ~IV
Lps LIIINv

Tantalum (73}
LP3 Lz~rrr
Lp4 3fzz
Lv2
Lve NIII
LP1 Lrr ~IV
Lv1 Nzv
Lve Ozv
LP2 LrrrNv

Tungsten (74)
Lps LIMIII
I.p4 Mzz
Lvg
Lv3 Nrrr
I.P1 Izr Mrv
I.v1 Nrv
Lve Orv
LPs LIIINV

Rhenium (75)
Lpa
Lp4 3fyr
Lvg Nrr
Lv3 Nrzr
LP1 Lzr Mrv
Lvi Nrv
Lve Orv
LPi LIIINv

Osmium (76}
LPe LI~III
Lp4 Myr
Lv~ Nzr

1449.4
1488.2
1219.8
1472.5

1398.2
2420.7
1367.2

1304.1
1343.1
1103.0
1097.1
1324.2
1135.6
1111.5
1281.9

1259.9
1298.8
1065.9
1059.9
1279.2
1096.3
1072.1
1242.0

1227.6
1256.3
1029.9
1023.6
1236.0
1058.7
1034.4
1204.1

1176.8
1215.8
995.9

2.32 2.21
2.63 2.51
1.34 1.23
1.41 1.30

12.9 0.08
13.9 0.08
10.2 0.05
7.4 0.03

2.15 2.04
1.22 1.10
1.65 1.54

12.8 0.15
6.7 0.03

10.1 0.05

1.73 1.62 11.7 0.03
2.18 2.07 14.1 0.04
1.26 1.15 11.6 0.03
1.09 0.98 10.0 0.03
1.05 0.94 6.6 0.02
1.11 1.00 9.5 0.03
0.70 0.59 7.3 0.04
1.42 1.31 9.8 0.03

1.75 1.64 13.6 0.03
2.22 2.11 16.4 0.04
2.25 1.14 13.2 0.03
1.13 1.02 12.0 0.03
0.92 0.81 6.5 0.02
0.98 0.87 9.5 0.02
0.69 0.58 6./ 0.05
1.27 1.16 9.8 0.03

1.77 2.66 14.7 0.03
2.17 2.06 17~ 1 0.05
1.24 1.13 14.0 0.04

2.70 1.59 12.3 0.03
2.18 2.07 15.1 0.04
1.23 1.12 12.1 0.03
1.11 1.00 11.0 0.03
0.97 0.86 6.5 0.02
1.02 0.91 9.3 0.02
0.64 0.53 5.7 0.04
1.34 1.23 9.8 0.03

Iridium (77)
p3 Lr~rrr

Lp4 Mzz
I-v2 Nrr
Lva Nrrr
LP1 LII~rv
Lv1 Nrv
Lve Ozv
LP2 LIIINV

Platinum (78)
Pe LzMrrz

Lp4 Birr
Lv3 NIII
LP1 LII~IV
Iv1 Nzv
Lp~ LIIINv

Gold (79)
LP3 LI~III
Lp4 3fzz
Lv~ Nrr
Lv3 Nrrz
L,P1 Lzz Mzv

NrvIve Orv
LP2 LIIINV

Thallium (81)
LPe LINrrzIp4 Mzz
Lvs Nrr
I.v3 Nrrr
LP1 Lzz ~IV
Lv& NIv
Lve OIv
LP2 Lrrr Nv

1138.5
1177.2
963.3
957.1

1155.4
988.8
964.9

1133.0

1101.7
1139.9
926.0

1117.6
956.0

1099.7

1065.5
1104.2
902.5
895.8

1081.3
924.6
901.0

1068.0

998.5
1037.0
845.7
839.3

1013.0
865.7
842.3

1008.2

Osmium (76).—Continued
Nrrr 989.8

LP1 Lzz &IV 1194
Lv1 Nzv 1022.8
Ive Ozv 998.8
LP2 Lrrr Nv 1166.9

1.11 1.00
0.88 0.77
0.91 0.80
0.76 0.65
1.22 1.10

12.6 0.03
6.6 0.02
9.4 0.02
6.5 0.05
9.9 0.03

1.68 1.57
2.10 1.99
1.20 1.10
1.09 0.99
0.85 0.74
0.87 0.76
0.70 0.59
1.12 1.01

14.9 0.04
17~ 7 006
14.6 0.04
13.3 0.03
6.8 0.02
9.6 0.02
7.8 0.05
9.7 0.03

1.70 1.59 16.1 0.17
2.05 1.94 18.4 0.09
1.09 0.98 14.1 0.03
0.84 0.73 7.2 0.02
0.85 0.75 10.1 0.02
1.10 0.99 10.1 0.04

1.70 1.59 17.2 0.15
2.05 1.94 19.6 0.09
1.20 1.10 16.6 0.05
1.07 0.97 14.9 0.03
0.81 0.70 7.4 0.02
0.80 0.70 10.1 0.02
0.60 0.50 7.6 0.04
1.04 0.93 10.1 0.04

1.60 1.49 18.4 0.06
1.89 1.78 20.4 0.05
1.12 1.02 17.5 0.04
1.02 0.92 16.1 0.04
0.75 0.64 7.7 0.02
0.71 0.61 10.0 0.02
0.47 0.37 6.4 0.04
0.95 0.84 10.2 0.03

8'0 the (n, +n) width (all widths in x.u.).
Crystals satisfying this relation are said to be of
Class I; those which do not are grouped in
class II.

Data on the crystals in the present work (3A
and 38, used by Richtmyer, Barnes, and
Ramberg, " and by Shrader'0) are recorded in
Table I. Comparing these data with those of
Parratt, one sees that the crystals are rather poor
at Mo Zn (0./1A) and good at Cu Ea (1.54A).
The crystals do not fall into class I. Consequently
the correction formula proposed by Parratt for
crystals of class I is not applicable and one must
resort to some other scheme for correcting the

observed widths. The corrections applied to the
observed widths reported here were determined
as follows: Parratt's values of the true widths of
the Mo Ee and the Cu Ea lines were accepted as
standards. Then the corrections for Mo Xa was
0.10 x.u. and for Cu E0. 0.12 x.u. It was then
assumed (a) that the correction was a linear
function of the wave-length in the range from
0.'71A to 1.54A and (b) that the correction is a
function of wave-length alone. The first assump-
tion cannot introduce appreciable error, but the
second is open to question. It was made only
because it is not yet known how the correction
should be inAuenced by the width.
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FIG. 3. %idths of L-series lines in electron volts as a function of atomic number.
The lines. Ips, I.p4, Lye, and Lys arise from Lz initial states; Lp1 and Ly1 are Lzz
lines, and Lpl has an Lzzz initial state.

VI. WIDTH DATA

Data on the width of certain I. lines of ten
elements are presented in Table II.The observed
widths in x.u. were those measured after cor-
rection for zero drift of the amplifying circuit, for
the background of continuous radiations, and for
overlapping of neighboring lines. The "corrected"
widths were obtained by subtracting a correction
for the diAraction patterns of the crystals. In the
last column of Table II are the estimated errors
in the observed widths. Lines with large errors
were either very weak or badly overlapped by
neighboring lines.

In Fig. 3 the corrected widths, in electron
volts, of seven I. lines are plotted as a function of
atomic number. Of these seven lines, I.pa, I.p4,

J-yg, and I.y~ arise from transitions from an I.z
initial state, while I.P~ and Iy~ have an I,n
initia1 state, and JP2 arises from a transition from
the Lzzz state. For elements 73 to 81, the lines
arising from the Lz initial state show increases in
widths of approximately six electron volts while
the lines arising from Jzz and Jzzz initial states
have changes in width of the order of one
electron volt. Thus, as predicted by consideration
of the Auger egect, the I q lines show rapid increases

TAaz, E III. Comparison of present width data with that of
other observers.

Element

W(74)

Ir(77)

Pt(78)

AU(79)

Tl(81)

Line

Lp1
Lp2
L+1

Lp,
Lps
Ly1

Lp,
Lp»

Lp1
Lps
Lps
Lp4

Ly.„
Lya
LQB

Lp1
Lp,
L+1

Cooper

0.97
1.34
1.02

0.85
1.12
0.87

0.84
1.10
0.85

0.81
1.04
1.70
2.05
0.80
1.20
1.07
0.60

0.75
0.95
0.71

Williams*

0.94
1.38
1.01

0.82
1.17
0.92

0.80
1.14
0.84

0.79
1.06

0.79

0.74
1.00
0.74

R. B. R.»

0.81
1.04
2.00
2.00
0.82
1.20
1.06
0.60

*J. H. Williams, Phys. Rev. 45, 71 (1934).

in widths for elements 73 to 81, while I.n and I- m
limes shou bet smc/l changes.

Since each of the I.z lines has so nearly the same
increment in width, it seems conclusive that an
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increase in the width of the Lr state is responsible
for the major part of this variation. It is true that
some small portion of the width changes may be
attributed to changes in the breadths of the final
states, and indeed, several other factors may have
some inRuence on the line widths. Nevertheless,
the conclusion stands that the observed variations.
are due primarily to the change in the width of
the L,z level and that all other factors are of
secondary importance.

A few of the lines measured by the author have
also been measured by other observers. A com-
parison of the widths reported in this paper with
those of the other observers is given in Table III.
The observations agree within the experimental
error for every line except AuLPS. This line

' overlaps Au LP2 so badly that an arbitrary
graphical resolution must be carried out.
Richtmyer, Barnes, and Ramberg" used only
classical dispersion curves for LP2 and LPS and
neglected the "residuals, " whereas the author
adjusted the shapes of the two lines to fit the
observed contour.

TAsLE IV. Relative intensities of L-series lines.

Relative to Lp1
(LPa ~100}

LPs LA LP4

Yt(70) —(14.8-P) (13.0-P)
Lu {71) 44.4 (15.7-P)
Ta(73) 46.1 18.5 13.4
W(74} 46.2 16.2 13.8
Rh(75} 44.5 15.2 11.4
os(76) 45.8 13.9
Ir(77} 45.7 14.2 10.7
I t(78) 43.7

45.0 13.0 10.1
Tl (81} 45.1 9.4 8.8

Relative to L
(L~~ -ioo}

Lym Lys Lys

1/.3 25.1 2.0
14.1 20.4 2.8
13.3 18.5 4.7
11.5 17.0 6.2
124 155 73

10.5 14.1 11.3
11.0 13.1 12.3

VII. RELATIVE INTENSITIES

The relative intensities are assumed to be
proportional to the product of the energy width
and the relative maximum ordinate of each
spectral curve. Since all the lines compared had
approximately the same (classical dispersion)
shape, and nearly the same wave-length, the
uncertainty introduced by this approximation is
believed to be less than that involved in the
comparison of maximum ordinates. None of the
numerous and troublesome corrections required
for the most precise comparisons of relative
intensities has been made.

Two methods for comparing maximum ordi-
nates were used. First, the spectrometer was set
on the peak of each line in succession with the
power in the x-ray tube and the sensitivity
of the recorder kept constant. After subtracting
the background of continuous radiation and the
contribution of overlapping lines, the relative
maximum ordinates were measured. Second,
the maximum defiection produced by each of the
lines was made approximately full scale and the

4"-
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FzG. 4. The intensities of Lpe and Lp4 relative to Ip2.
LPI and LP4 arise from Lz initial states while LPq has the
initial state Lzzz.

relative maximum ordinate for each was corn-
puted by the use of the known ratios of amplifier
sensitivities and of the measured x-ray tube
currents. An average of the relative maximum
ordinate given by these two methods was used in
computing the relative intensities.

In Table IV the areas (products of maximum
ordinate and width) of LP2, LPq and LP4 relative
to the area of IP~ (LP~ 100) are rec——orded. The
greatest wave-length separation of any of these
lines from LP~ is 53.5 x.u. It is estimated that the
values reported are accurate to within two
percent of the area of Lti~. In Fig. 4 the intensities
of LPI and LP4 are plotted relative to LP2 which is
an Izzz line. rkese data shorn that the intensiIies
of the huo Lq lines are decreasing relative both to the

Lzz line and to the I.zzz line in the atomic number

range 73—Z~81.
The intensities of I.y~, I.ye, and Iy6 relative to

I.y~ are also recorded in Table IV. The maximum
wave-length separation from Ly~ is 38.5 x.u. and
the estimated error is approximately two percent
of the intensity of Ly&. LThe line Lye (LxzOxv) is
not observed for elements of atomic number
below 70, but rapidly increases in relative in-
tensity from Ta (73) to Tl (81). Its behavior is
quite extraneous to the topic being discussed. )
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Once again, it is clear that the lines arising from L~
transitions (Ly2 and Ly~) are decreasing in inten
sity relative to a line (Lyq) which has an Lzx ini tial
state.

VIII. CONCLUSIONS

The widths of lines arising from I.z transitions
increase strikingly with atomic number in the
range 73~Z~81. At the same time the intensi-
ties of these lines relative to lines arising from I Iz

and I.III transitions show corresponding decreases.
These observations are accounted for quali-
tatively by the role of the Auger effect. Only two

Auger transitions are considered in the present
discussion. Although beyond doubt these two are
the principle ones involved in the topics of the
present paper, there are certainly many more
Auger transitions some of them with similar
dramatic changes in probability from element to
element. It is highly probable that many of the
anomalies in x-ray line widths and relative
intensities in other atomic number ranges will

soon be shown to be due to Auger transitions.
The author wishes to express his gratitude to

Professor L. G. Parratt for his helpful suggestions
and for his enlightening discussions.
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Radiations from Radioactive Gold, Tungsten, and Dysprosium~
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Level schemes are deduced for gold and tungsten from the measurement of beta-gamma and
gamma-gamma coincidences, together with a knowledge of the energies of the various radiations
emitted. The beta-ray spectrum of Au"' is simple with an end-point of 0.78 Mev. The residual
nucleus emits two gamma-ray~ in cascade, %" has a complex beta-ray spectrum. The high
energy group has a maximum energy of 1.4 Mev while the one of lower energy has an end-point
of 0.5 Mev and is followed by a 0.9 Mev gamma-ray and some other gamma-rays which
give gamma-gamma coincidences. The dysprosium beta-ray end-point is 1.2 Mev and the
maximum energy gamma-ray is 1.1 Mev.

''N order to obtain energy level schemes for
- - radioactive nuclei, it is necesssry to know
the energies and intensities of all gamma-rays
emitted during the process, the energy distribu-
tion of all beta-rays emitted, and also any correla-
tions between beta-rays emitted by the parent
nucleus and the gamma-rays produced by the
product. Up to the present our knowledge of all
these factors, for any radioactive species, has
been quite limited. In general one has available,
or can determine with ease, data on the maxi-
mum energy of the electrons emitted during the
process. In some cases the shape of the beta-
ray spectrum is also known and information is

*Thesis submitted to the Graduate Faculty of Indiana
University in partial fu1611ment of the requirements for the
degree of Doctor of Philosophy.

t Now at the Radiation Laboratory, University of
California,

available as to whether the spectrum is simple
or complex. In those cases in which the spectrum
is complex the value of the inner end point has
not been determined with any great accuracy.
Frequently gamma-rays have been found and the
energies and intensities of these have been deter-
mined in a few instances.

Norling, ' Mitchell, Langer and McDaniel, 2

and Dunworth' have applied coincidence count-
ing methods to the latter problem and have been
able to derive reasonable energy level schemes
for several radioactive transformations. In par-
ticular, level schemes for the disintegration of
Mn" (2.5 hours), In"' (54 min. ), Sb'" (60 days),
and others have been determined. It is the pur-

' F. Norling, Zeits. f. Physik 111, 158 (1938).
~ A. C. G. Mitchell, L. M. Langer, and P. W. McDaniel,

Phys. Rev. 57', 1107 (1940), also 56, 380 (1939).
s J. V. Dunworth, Rev. Sci. Inst. 11, 167 (1940).


