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Auger Transitions and Widths of X-Ray Energy Levels
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The width of an x-ray energy level depends to a large extent on the probabilities of Auger
transitions from that level. Consequen". ly, rapid variations in line width with atomic number are
to be expected whenever sudden changes in Auger transition probabilities occur. Atomic number
ranges wherein large variations might be expected have been studied. Part of the width variation
of Lp3 for elements 73~Z~92 is attributed to the Auger transitions Mlif~MvNlv, v. The
transitions Nrr~Nilr011, 111, &V11~Niv, v%v, v, and Nirz~Niv, vNiv, v are shown to explain an
intensity anomaly of Mf for elements 38~Z~58. Several other irregular line width variations
are correlated with changes in the probabilities of Auger transitions. The evidence supports the
theory that Auger transitions are primarily responsible for anomalous changes in line width.

I. INTRODUCTION

' 'N 1935 Coster and Kronig' suggested that the
- - relative diffuseness of the lines arising from
transitions from Lz initial states (hereafter called
Lz lines) was due to the broadening of the Lz
level by Auger transitions. Large probabilities of
Auger transitions from a given state decrease the
mean life of atoms in this state and lead to an
increase in the width of the energy level. ' Theo-
retical calculations for gold (79) by L. Pincherle'
and Ramberg and Richtmyer' have shown that
Auger transitions account for the greater part of

. the widths of all levels except E.The theory that
the level width depended on Auger transition
probabilities was confirmed experimentally by
the work of the author, ' which showed that the

width of the I q level increased rapidly with
atomic number in the range 73&Z&81 where
the probabilities for the Auger transitions
Lr~l-riiWv and I-I~I-III' are known to be
swiftly increasing.

Since there are many Auger transition proba-
bilities which vary rapidly with atomic number,
it is clear that there should be other levels (in
addition to the Lz) which show sudden changes
in width from one element to the next. It is the
purpose of this paper to investigate the regions
in which important variations in Auger transition
probabilities occur and, to correlate with these
variations certain apparently erratic changes in

level widths.

II. PROBABLE AUGER TRANSITIONS

' D. Coster and R. DeL. Kronig, Physica 2, 14 (1935).
2V. Weisskopf and E. Wigner, Zeits. f. Physik 63, 54

(1930).
3 L. Pincherle, Nuovo Cimento (N.S.) 81, 162 (1935).
4 E. G. Ramberg and F. K. Richtmyer, Phys. Rev. 51,

913 (1937).' J. N. Cooper, Phys. Rev. 61, 234 (1942).

According to Coster and Kronig, ' the proba-
bility of an Auger transition in which electron A

goes from a state with a wave function Pz(A) to
a state represented by f&(A), while electron B
passes from a state represented by pz(B) to one
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TABLE I. Possible Auger transitions and the elements in which they may occur.

LI~LIINz

&Vrrr

Nrv

below Z=70
below 75
below 81
below 92

3frr~Mrzr¹v above Z=65
below 48
above 65
below 48

¹~NIIINVI below Z =92
Nv below 53

below 53

LIIr cl~II

~zz
~IZZ
Mzv

below 31
below 36
below 37
above 73
below 50
above 77
below 50

LII~LIIIMIV below
)VS below
Mv above

30
30
90

3EI~MIINVII
Nvr

NIV
Nzrr
Nrz
Nz
~v
Mrv

below
below
below
below
below
below
below
below
below

91
91
72
71
53
53
47
34
34

3' I.r Nv below
¹

below
Mv below
Mrv belo~

MIVMv below
~rv below'

87
50
34
34

kIVMV below 45

3IIIv¹ below' 88
Mv below 35
i&v below 35

&Uzr I~MIV Nv

¹rz
Nzz
Nr
Mv
MIV

MvNV
Nzv¹I
Mv

below 85
below 84
below 71
below 65
below 55
below 36
below 36
below 91
below 89
below 77
below 70
below 57
below 37

NI~NIIOrzr below
Orz below
Or below
Nvzz below
Nvr below

below
Nrv below

88
85
79
80
80
53
53

~+~I~MvOrrz below 85
Orr below 82

NzvNv below
Nzv below

Nv Nv below 87

Nzr~¹IIOIII

¹rrOrr

Nvrr
Nvr

above 66
below SS
below 86
above 66
below' 55
below 80
below 80¹v¹below 60

Nrv below 60

Nrrr~¹vOr
NVII
Nvr
Nv
Nzv

below 87
below 86
below 85
below 57
below 56

NVOI below
Nvrr below
Nvr below
Nv below

NIV~NVOIV, v below

Nv NvrNvrr below 91
Nvr below' 91

NvrrNvrr below' 91

described by $2(B), is proportional to the square
of the matrix element

where dv. r and dr2 are volume elements separated
by rr2 and the integration extends over all space.
In order to obtain a large value of v, P&"'(A) and

Pq(A) must overlap considerably as must f,*(B)
and $2(B), while rq2 should be smaH in the region
of appreciable overlapping. P„*(A) and $2(A)
generally overlap most when both initial and
final states of electron A lie in the sante shell.

The energy W' of the ejected electron is very
important in determining the overlapping of
P~*(B) and $2(B). H W is either very small or
very large, the overlapping is slight and v will

be small. The transition probability as a function

of lV increases to a maximum and then falls o6,
so that the probability of an Auger transition in
which the ejected electron has a high energy is
small.

Many Auger transitions are allowed for some
elements and forbidden for others. An Auger
transition is possible only when the energy of
the initial state is greater than that of the final
state (of double ionization) and is most probable
when the energy difference is not too great.
Consequently, rapid fluctuations in the proba-
bility of such a transition are most likely in the
atomic number range wherein the transition first
becomes possible. In view of this fact it is of
considerable value to know the atomic number at
which various Auger transitions first become per-
mitted. A systematic investigation was niade of
all Auger transitions which are allowed for some
elements and forbidden for others. The result of
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TABLE II. Widths of L series lines in electron volts.

Line

Lp3
Lp4
Lye

. Lys
Lpr
L+1
Lp2

Transition

Lr~Mrrr
Mrr
%r

LrrMrv
Nrv

LrrrNv

Ag(47)

6.6
5.9

11,0
10.2
2.4
3.95
3.72

Ta(73)

11.7
14.1
11.6
10.0
6.6
9.5
9.8

12.3
15.1
12.1
11.0
6.5
9.3
9.8

13.6
16,4
13.2
12.0
6.5
9.5
9.8

14.7
17.1
14.0
12.6
6.6
94
9.9

14.9 17.2 18.4
17.7 19.4 20.7
14.6 — 18.1
13.3 15.6 16.4
6.8 8.3 8.5
9.6 11.4 11.5
9.7 11.1 11.2

19.7
21.6
19.3
17.8
9.0

11.7
11.5

18.3
22.2
19.9
19.4
8.4

11.4
11.8

18.8
32.2
39.4
32.4
14.3
15.9
16.1

W(74) Rh(75) Os(76) Ir(77) Pt(78) Au(79) Tl(81)& Pb(82)' U(92)"

~ See reference 6 of text. & See reference 5 of text. 'See reference 9 of text. ~ See reference 7 of text.

TABLE III. Ratios of line widths.

Ratios Ag(47) Ta(73) W(74) Rh(75) Os(76) Ir(77) P t('78) An(79) Tl(81) Pb(82) U(92)

Lp, /Lp,
Lp4/Lp2
Lv2/Lp2

/Lp

1.77
1.59
2.96
2.74

1.20
1.44
1.18
1.02

1.26 1.39
1.54 1.67
1.24 1.35
1,12 1.23

1.49
1.73
1.41
1.27

1.54
1.83
1.51
1.37

1.59
1)82

1.40

1.72
1.96
1.66
1.49

1.80
2.00
).71
1.58

1.55
1.88
1.69
1.64

1.17
2.00
2.45
2.02

Lp, /Lp,
Lp2/LV1

1.55
0.94

1.49
1.03

1.51
1.05

1.51
1.03

1.50
1.05

1.43
1.01

1.40
1.00

1.35
0.99

1.33
1.02

1.40
1.04

1.12
1.01

this work is summarized in Table I, which lists
the transition and the atomic numbers for which
it is allowed. It will be observed that certain
ones are allowed above one atomic number and
below another, while they are forbidden for
elements in between.

The atomic number of the element for which
the transition is first allowed was obtained by
calculating the energy difference between the
initial and final states. (A transition is obviously
forbidden if the difference is negative. ) Values of
v/R for the various states were taken from
Siegbahn's Spectroscopic der Rontgenstrahlen,
Zweite Anlage The assum. ption was made that
the energy of the final state of double ionization
of element Z was equal to the sum of the energy
of the inner level for element Z and the energy
of the outer level for element Z+i. The energy
so obtained is a good approximation, although
not exactly correct. The uncertainty in the
energy of the state of double ionization leads to
an uncertainty in the atomic number at which a
given Auger transition becomes possible. In the
worst cases this atomic number may be incorrect
by as much as three or four.

III. WIDTH VARIATIONS AND
AUGER TRANSITIONS

From Table I it is clear that there exist many
Auger transitions which are allowed for some

elements and forbidden for others. Certain of
these transitions unquestionably play an im-

portant role in determining the widths of x-ray
energy levels, while others are doubtlessly negli-
gible. It is not immediately obvious which of the
transitions become highly probable, although it
would be possible to find out either by lengthy
calculations or by detailed experiment. That
there already exist sufficient line width data to
establish the importance of certain of these
transitions will be shown in this paper.

There have been fairly complete studies of the
widths of L series lines for several different
elements. An exhaustive investigation of the
entire L series of silver (47) was made by
Parratt. ' Measurements of the widths of the L
lines of uranium (92) are reported by Williams. "
The gold L series was measured by Richtmyer,
Barnes, and Ramberg, ' while Shrader' made a
similar study of lead (82). Widths of selected L
series lines for elements 73&Z&81 have been
measured by the author. ' These data reveal
many irregular changes in the widths of levels
with atomic number. Most of these variations
are readily explained in terms of Auger transi-
tions listed in Table I.

6 L. G. Parratt, Phys. Rev. 54, 99 (1938).
~ J. H. Williams, Phys. Rev. 3'7, 1431 (1931).' Richtmyer, Barnes, and Ramberg, Phys. Rev. 46, 843

(1934).
R. E. Shrader, Cornell thesis (1936).
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FIG. 1. Ratios of the widths of II lines to the
width of Lp2(I.ify~NV).

In studying sudden variations in the width of
a line as a function of atomic number one must
remember that, in general, the width (in electron
volts) increases with atomic number. This fact
becomes of particular importance when one is
considering elements that differ appreciably in
atomic number. For example, the L series lines
of gold (79) are all wider than the corresponding
lines for silver (47), in most cases by a factor of
two or three. This width increase for most lines
is associated with the normal change with atomic
number. One way of treating data which elimi-
nates this problem is to deal with width ratios
rather than widths. This essentially amounts to
assuming that the "normal" width increase with
atomic number is such as to leave the ratios
unchanged. Available data indicate that this is a
good approximation.

Width ratios have one other great advantage
when one is dealing with data taken by several
observers, each of whom used different crystals
on different spectrometers and then corrected for
crystal diffraction patterns on fundamentally
different assumptions. That advantage is that
the ratios are far less sensitive to crystals, spec-
trometers, and corrections than are the actual
widths themselves. To be sure, the ratios are not
independent of corrections for the finite resolving
power of the spectrometers, but the percentage
variation in the ratios is much less than that in
the widths.

In Table II are given the corrected widths in
electron volts of seven L series lines for each of
eleven elements, and in Table III the ratio of
the width of each of these lines to the width of

Lpm is recorded. Lp2 is chosen as the reference
line because it arises from an IIII transition and
the width of the Lr» level is probably the least
influenced by Auger transitions. The data on
silver are by Parratt, ' those on lead by Shrader, '
and those on uranium come from Williams"
paper. The line widths of the other elements were
measured by the author. ' It should be mentioned
that the type of corrections applied by each of
these observers was different. Williams' data
were corrected on the assumption that shapes
were given by the Gaussian error function and
his corrections were much smaller than those
applied by the other observers.

In Fig. 1 the ratios of the widths of Lpzz Lp4,
Iy2, and Ly8 to Lpz are plotted as a function of
atomic number. The first four lines all arise
from transitions from the Iz state, while Lp2
comes from an L»I~Kg transition. There is
every reason to believe that the width of LP2
is behaving "normally" in this region; that is,
neither the initial nor the final states are changing
much in width. If this is true, it is clear that the
width of the LI level must be increasing between
tantalum (73) and lead (82) since all the lines
arising from Lz transitions show large and
roughly equal increases in width in this range of
atomic numbers. These width increases have been
shown' to be associated with the rapidly in-

creasing probabilities of the Auger transitions
Lz~LzzzMv (possible above Z = 73) and Lz
~LzzzMzv (possible above Z= 77).

Since all the lines (except I,pm) have the same
initial state, the four curves should behave
similarly unless the width of the final state is
varying irregularly with atomic number. The
curves do not behave alike above 8=81, so the
conclusion is that here the widths of the final
states must also be varying. In several cases the
changes in width ratios are so great that the
importance of certain Auger transitions are well

established, while in other cases the variations
are only of the order of the experimental errors.
In such cases the variations may be due to
Auger transitions and have been attributed to
them, although it is possible that they are due to
a fortuitous combination of possible errors.

The line Lp& narrows greatly between thallium
(81) and uranium (92). Since LPz arises from an
LI—+&III transition, this means that the 3fIII
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level must be decreasing in width. Table I re-
veals that the Auger transitions i'» —+MvNzv
and 3I~zz—+MvNv become possible for elements
of atomic number below 90 and are forbidden
for elements of higher atomic number. Also the
transitions Mzzz —+~zv¹v and Mzzz —+MzvNv are
forbidden for uranium and allowed for the other
elements. (See Fig. 2, reference 10 and Fig. 1,
reference 11.) Judging by the great drop in the
relative width of Lpz these transitions must ac-
count for much of the width of the Mzzz level for
elements around Z= 81.

Since the probability of the transitions will
decrease as the energy of the ejected electron
becomes too great, the width of the Mzzz level
might be expected to be less for Ta(73) than for
Tl(81). This argument is supported by the obser-
vation that the actual width increase of Lps
between these elements is greater than that of
any of the other Lz lines. This would be expected
if the Auger transitions Mzzz —&MvNzv and
M&zz~MvNv had a maximum probability in the
neighborhood of Z= 81.

Further support for this explanation can be
found in the work on Sf'-satellites by Hirsh, "
who has shown that these satellities have a
maximum relative intensity near lead (82). Since
these satellites arise from an 3SIv¹vv initial
state, they will obviously increase in intensity as
the Auger transitions 3f»z—+3EIvNzv, v become
more probable. Thus the importance of these
radiationless transitions is established by inde-
pendent observations.

The width of LP4(Lz~Mzz) appears to be rela-
tively stable between thallium and uranium al-
though data on intermediate elements might
indicate width variations associated with the
Auger transition 3f»—+MzvNz which is possible"
for elements of atomic number below 88.

Both Lyz(Lz~Nzz) and Ly (3L ~zNzz)zare much
wider for uranium than might have been ex-
pected, showing that the N», and particularly
the N»z, levels have become very wide. There is
nothing in Table I which would predict such an
increase. The addition of ten electrons in outer
levels between lead and uranium will make many
new Auger transitions possible and it is con-
ceivable that one of them might be very probable.

'0 F. R. Hirsh, Phys. Rev. 57, 662 (1940).
~r F. R. Hirsh, Phys. Rev. 59, 766 (1941), Fig. 1.
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Fzo. 2. The width ratios Lp2/Lpr and Lp2/Ly~ as a
function of atomic number. (Transitions: Lp~, Lrrr~Nv,
Lp~, Lrr~ j/Irv', Iy&, Lrr~Nrv. )

Figure 2 shows the width ratios LP2/LPz and
LPz/Lyz. I.P2 arises from the transition Lzzz~Nv,
while LPz and Lyz have Lzz as an initial state and
their final states are Mzv and Nzv, respectively.
It is immediately clear that these ratios are much
more constant than those involving Lz lines. The
width ratio LPz/Lyz is almost constant for all
the elements listed, but the ratio Lp2/Lpz de-
creases with atomic number. There are a number
of Auger transitions which may play a part in
this. First, Lpz may be wider at uranium because
the Auger transition Lzz~L»zMv becomes pos-
sible above Z=90 and may contribute to the
width of the Lzz level. If this is true, the width
of Lyr should be similarly influenced, and in
order to explain its constancy, it is possible to
point out that the Nzv level may have narrowed
because the transitions Nzv —+NvOzv, v are for-
bidden for elements above 81. Part of the decrease
for the width ratio IP2/LPz may be due to a
narrowing of the Nv level for uranium, since the
transitions Nv~NvzNvz, vzz and Nv —+Nv»Nvz, zzz

are impossible for that element, Another factor
which contributes to the small ratio for uranium
is the smaller correction subtracted from the
widths in this case. (Obviously, too small a
correction would tend to make this ratio nearer
to unity. )

Some interesting changes in the widths of
levels occur between elements 73 and 47. For
silver the lines Lp2 and Lp3 are nearly twice as
wide as Lpz and Lp4 which indicates that the
Nzz and Nzzz levels are much wider than the Mzz

and 3EIzzz levels. For elements 73 to 82 the 3Izz
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TABLE IV. Widths of Sf' in electron volts (after Kiessig).

Element

Sr(38)
Zr(40)

Nb(41)
Mo(42)
RU(44)

Width

1.99
2.06
3.44
3.05
3.79

1

Element

Rh(45)
Pd(46)
Ag(47)
Cd(48)
Sn(50)

Width

4.57
6.74

13.6
14.8
16.4

Element Width

Sb(51) 18.5
Te(52) 18.5
Ba(56) 7.0
La(57) 9.1
Ce(58) 10,6

and 3fzzz levels are wider than the corresponding
N levels, but for uranium the N levels are again
wider. This can be partially explained as follows:
(1) For elements of atomic number 70 to 82 the
3IIzzz level should be wide because of the high
probabilities of the transitions Mzzz~MvNzv, v
and (possibly) 3IIm~3/IivXiv, v which have al-

' ready been mentioned in connection with the
small width of ULp~. Also, for silver the Auger
transitions ~zzz~WvNz and ~zzz~~vNz, zz are
impossible, whereas they should contribute to
the width of the 3Ezzz level for elements of higher
atomic number. (2) The 3IIn level may be ex-
pected to be wide for elements not too far above
70 because of the Auger transitions Mzz~MzzzNzv
and Mzz~MzzzNv. These transitions are for-
bidden for elements between (about) 65 and 48.
Whether or not they are allowed for silver is
doubtful, but judging by the small width of the
Ag 3fzz level it seems certain that these transi-
tions are very improbable for silver even if they
are possible.

While these Auger transitions may serve to
explain why the M levels are wider than the N
levels for elements of atomic number between 73
and 82, still the widths of the Nzz and Nzzz levels
for silver are so very great that their excessive
widths require further explanation. The Nzz level
is widened by the transitions Nzz~NzzzOzz, zzz

which are possible for elements of atomic number
below 55 and by Nzz~Nzv, vNzv, v which are
allowed below Z=60. The great width of the
Nzzz level is attributed to the transitions Nzzz~
Nzv, vNzv, v which are possible for elements below
Z= 56.

Line width data by Kiessig" support the con-
tention that these transitions must be highly
probable for silver (47). In Table IV are the
widths of Mg for fifteen elements as reported by
Kiessig. The line Sf' arises from a transition

'~ H. Kiessig, Zeits. f. Physik 109, 671 (1938), and 95,
555 (1935).

31v—+Nzz, »z. The width increases rapidly from
Z=38 to Z=52, showing that the Nzz and Nzzz

levels are widening rapidly. (The Mv level is
"normal" for silver and there is no reason to
think that these width changes are due to the
initial level. ) The width has decreased tremen-
dously at Z = 56, just as would be expected from
a consideration of Auger probabilities. Kiessig
did not offer an explanation for the intensity
anomaly, but pointed out that the elements at
the beginning of the fifth period of the periodic
table (36—54) had small Mi widths and those at
the end had great widths, while the three ele-
ments at the beginning of the sixth period again
had narrow breadths. Siegbahn and Magnusson"
had previously found that the Mt' lines of Br(35)
and Rb(37) were very sharp, so that the general-
ization that the width increased as one went
through an atomic period was not justified. Now
it seems virtually certain that the above-men-
tioned Auger transitions provide the correct ex-
planation for this intensity anomaly.

It is not inconceivable that the width increase
between element 56 and 58 is due to the in-
creasing probability of Nzz~Nzv, vNzv, v but the
data do not cover a big enough atomic number
range to be conclusive. If the width of Aft were
shown to be much less above Z =60, this explana-
tion would be much better established.

The width of the Nzz level is consistently wider
than that of the Nzzz level for all elements con-
sidered here. This is in accord with the general
rule that for different levels having the same
total quantum number the level width decreases
with increasing azimuthal quantum number. An
exception to this rule is found in silver where the
Mezz level has a greater width than the 3EIyy level.
The unexpectedly large Mzzz width may be associ-
ated with relatively great probabilities of the
transitions 2llzzz —+MivNz and Mzzz —&MvNz, pos-
sible below atomic numbers 55 and 57, respec-
tively.

It is interesting to note that the width ratios
Lp2/Lp~ and Lp2(Ly~ for silver are almost the
same as for elements of atomic number 73 to 81.
Since all the levels involved in these lines are
associated with relatively high azimuthal quan-
tum numbers, the Auger transitions generally

' M. Siegbahn and T, Magnusson, Zeits. f. Physik 88,
559 (1934).
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contribute much less to the level widths. The
relative constancy of the width ratios for these
lines over so great an atomic number range sup-

ports the ratio method for handling width data
for elements of vastly different atomic number.

IV. CONCLUSIONS

Since the width of a state is inversely propor-
tional to the mean life of atoms in that state, a
very probable Auger transition increases the
level width. This results in a width increase for
all lines which have this level as either an initial
or final state. Because Auger transition proba-
bilities frequently vary rapidly as a function of
atomic number, one should expect rapid changes

in line width. This prediction is verified. In this
paper it has been shown that the width variation
of I.P3 for elements 73 &Z &92 can be accounted
for in terms of the Auger transitions 3IIDI~
MvXiv, v. Also the anomalous width behavior of
2lfg reported by Kiessig has been shown to be
associated with the rapid changes in the Auger
probabilities Nn —&NrrrOrx, ill &n~Wv, v&zv, v,
and Nzrr~Ãzv, vNzv, v for elements 38&Z&58.
Certain other irregular width variations have
been shown to be explicable in terms of Auger
transitions. More data on line widths would
doubtless reveal other cases in which line widths
are increased by Auger transitions.

The author wishes to thank Dr. F. R. Hirsh,
Jr. , for his encouragement and suggestions.
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On Apertures of Transmission Type Electron Microscopes Using Magnetic Lenses
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The numerical aperture of light microscopes is larger than that of electron microscopes at
their present state of development by a factor of 100 to 1000. This is due to the fact that
electron lenses have higher aberrations than the highly corrected glass lens systems used in
modern light microscopes. In the design of an electron microscope care has to be taken therefore
that the proper numerical aperture should be used to give the optimum resolution. The majority
of transmission type electron microscopes use at present magnetic lenses. For magnetic lenses
of the axial field distribution H(s) =Hp/$11 (s/a) j optimum conditions for size and location
of apertures will be stated. The behavior of the condenser lens-objective lens system with
respect to the angular aperture of the illuminating electron beam also will be discussed.

I. THE MAGNETIC LENS OF THE AXIAL FIELD
DISTRIBUTION H(z) =Hp/$1+ (z/a)'1

~HE small values of numerical apertures of
electron microscopes can be achieved by

allowing only such electrons to take part in the
image formation whose paths do not pass through
the lenses too far away from the optical axis.
These paths are called paraxial. They can be
described mathematically as the solutions r = r(z)
of the so-called paraxial ray differential equation:

d'r(z) e
+ —II'(z) r(z) =0,

ds' 8m U

where r = r(z) signifies the distance of the electron
from the axis at the point s—the axial coordinate;

H(z) is the axial field distribution; e/m is the
specific charge of the electron, and U is the
accelerating potential for the electrons.

It has been shown' that for an axial held dis-
tribution, very closely approximated in practical
magnetic lenses,

H(z) =Ho/(1+ (z/a) '].
The solution of Eq. (1) is given by

r(z) =a(1+(z/a)')l

X I Ci sin $(1+%')' arc cot (z/a)7

+ Cu cos [(1+%')'arc cot (z/a)]I, (3)

' AValter Glaser, Zeits. f. Physik 11'7, 285 (1941).


