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The Lp3/LP4, Lyf/Lpf, Ln2/Lef, Lp2 fg/Lo'f and the Lp 2 f5/Le2 transition probabi]ities have
been measured for some 27 elements ranging in atomic number from 57La to 92U. Other L tran-
sitions have also been measured for a smaller number of elements in the same range of atomic
numbers. This has been accomplished by bombarding these elements with a constant energy
electron beam and measuring their x-ray emission spectrum. The measured ratios are com-
pared with the most recent calculation based on a relativistic Hartree-Fock-Slater (RHFS) po-
tential, and screened Coulomb potential. In general, the form of the dependence of these
ratios on atomic number predicted by calculations based on a RHFS potential is favored and the
agreement between theory and experiment ranges from excellent for the Le2/Lnf ratio to a dis-
crepancy of about 22% in the Lp 2 fs/Lcyf ratio for elements of large atomic number.

INTRODUCTION

Recent interest in measuring relative x-ray tran-
sition probabilities has been confined to the rela-
tively simple K series. The I x-ray transition
probabilities of elements with atomic number
57- Z- 72 have never been measured before, and
work in this region proved to be very informative
in terms of testing the different theoretical models
used in calculating the relative probability of these
transitions.

Early measurements of transition probability of
the I x-ray group comprise the work of Jonsson, '
Allison, Hicks, and Andrew. Their results have
been tabulated by Compton and Allison. More re-
cent measurements include the work of Wyckoff and
Davidson, Victor, Goldberg, and Rao et al.
None of the measurements cover a large enough
number of elements to establish reasonable correla-
tion with theoretical calculations, and in many in-
stances the discrepancies between these results are
of large magnitude.

Relativistic calculations of x-ray transition prob-
abilities were carried out by Massey and Burhop, '
Laskar, Payne and Levinger, Asaad, Taylor
and Payne, ' and more recently by Babushkin, '
Scofield, and Rosner and Bhalla. All these cal-

culations except those of Asaad, Scofield, and
Rosner and Bhalla are based on a Coulomb poten-
tial. Babushkin carried out his calculations using
a Coulomb potential with and without allowance for
screening; he took into account the electron screen-
ing effect as prescribed by Slater and by Burns.
Of Babushkin's calculations, those based on a po-
tential screened by Burns's prescription show
better agreement with experimental values,
and these are later compared with the results of
this paper. Babushkin's numerical values are
given as intensity ratios rather than relative transi-
tion probabilities and were transformed to transition
probabilities by the relation

P, = I,/h(u(,

where the subscript i indicates a given transition
of energy h(d, .

Scofield, and Rosner and Bhalla assumed that
the orbital electrons are in a relativistic Hartree-
Fock- Slater potential (RHFS):

V(r)= —Ze /r+ (e /r) J'" 4mr' p(r')dr'

+e' f„4''p(r')dr' —e'[( 18w/)8p(r)]"' . (2)

The effect of the finite size of the nucleus was
neglected by Scofield, and was calculated and ne-
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glected by Babushkin on the basis that it amounts
only to a fraction of one percent. Rosner and
Bhalla included such an effect without explicitly
referring to its magnitude. They all included the
effect of retardation in their calculations. The nu-
merical results of Rosner and Bhalla agree with
those of Scofield to within three significant figures.

The extensive experimental work on KP/Kn tran-
sition probabilities ' ' did not resolve the dis-
crepancy between the results of calculations based
on a Coulomb potential and those based on a RHFS
potential in the region 20 & Z - 30. Similar discrep-
ancies, but of a larger magnitude, occur in the
I P2, &5/L &~ and in the I.rq /I P& transition probability
ratios in the region 58 ~ Z - 71. The magnitude of
such discrepancies in the L spectra is roughly an
order of magnitude greater than experimental un-
certainties, and the determination of these ratios
in this region should provide a reasonable concept
of the form of the potential in which these transi-
tions take place.

EXPERIMENTAL

The elements studied varied in purity from
99. 99% for gold and tungsten to 99. 5% for osmium.
The 99. Sg-pure rare-earth elements were foils
0. 13 mm thick. The electron beam used in exciting
the target elements was provided by a 74-W fila-
ment fitted in a stainless steel focussing cup. The
filament is heated by an insulating transformer.
The electron energy is provided by a power supply
connected in series with a voltage line regulator
and a ripple suppressor, and delivers a steady

TABLE I. LP3/LP4 [(Ly —MggI)/(Lg —MH) J transition
probability ratio. The third column is the ratio of the
MPV to Scofield's theoretical values.

Elements

57La
58Ce

5~ Pr
60Nd

62Sm

64Gd

65Tb
66%
67Ho

68Er
9Tm

70Yb

7g Lu

72Hf

73Ta
74W

)5Re
760s

Ir
7 8Pt
sAu

80Hg

8g Tl
82Pb

83Bi
)OTh

s2U

Measured
values

1.53
1.57

1.60
1.49
1.60
l. 54
1.42
1.51
l. 53
1.43
1.44
1.47
l.37
1.49
1.36
1.43

1.42
1.35
1.38
1.24
1.00
0.96

MPV

1.54
1.54
1.54
1.55
1.55
1.54
1.54
1.54
l.53
1.52
1.51
l. 50
l.49
1.48
1.47
1.45
1.44
1.42
1.40
1.38
1.36
1.34
1.31
1.29
1.26
1.05
0.975

MPV
Theory

1.00
1.01
1.02
1.05
1.06
1.07
1.09
1.10
1.11
l. 12
1.12
1.14
1.14
l.14
1.15
l. 16
1.16
1.16
1.17
1.18
1.18
1.19
1.18
1.18
l.17
1.15
1.13

voltage with less than 0. 3% ripple at a full load of
120 keV and 30 mA. The energy of the electron
beam was maintained at 25 keV during the bom-
bardment of all the elements with Z - 83, and at 40

I 0000
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keV during the study of gp Th and g2U. The current
was maintained at 1.0 mA.

A modified high-angle goniometer was used to
scan over the region of interest, and for each sam-
ple the line intensity was also measured in steps
of 0. 005' in the Bragg angle 26I. At least four runs
for each element were recorded and averaged. A
typical spectrum is shown in Fig. 1.

Most of the elements used in this work were in
the form of metal foils varying in thickness from
0. 5 to 0. 13 mm. Backing was provided for all the
foils before being fitted to the water-cooled anode
assembly. Triple-distilled mercury was put in a
brass container and osmium powder was press-
packed in a similar container. Elements of low
melting points, ,&T1, ,2Pb and 8&Bi, were melted
in a brass container and their surfaces were
smoothed and cleaned; they were then introduced
into the vacuum chamber.

The foils of the rare-earth elements and those
FIG. 1. Observed L x-ray lines of mercury, desig-

nated by the Siegbahn notations.
of gpTh and g2U were placed at the surface of a dish
filled with 3&Ga. The water-cooled melt gallium



1730 SALEM, TSUTSUI, AND RABBANI

proved to be very satisfactory in keeping the thin
foils from evaporating under electron bombard-
ment. At the early stages of this work, the foils
were floated on &OHg, but mercury was replaced
with gallium when it was found that most rare-earth
elements react with mercury when heated.

Although the ratio of the physical areas under the
curves obtained by stepping over the diffraction
peaks is of more physical significance, the ratio
of the peak intensities was considered more reliable
in determining the transition probabilities as it is
less susceptible to instrumental factors. It should
be pointed out that the natural widths of the com-
pared characteristic lines are very nearly the same
for the same elements, and accordingly, the ratio
of the peak intensities should be very nearly the
same as the ratio of the physical areas under the
curves. Furthermore, the reported physical widths
of the L x-ray series involve large uncertainties

Irregularities in the shape of the L P&,» and Ly&
lines of the rare-earth elements, 58-2-71, were
observed and were accounted for by comparing
areas of irregularities to the areas of the sym-
metric portion of the characteristic lines. These
irregularities seem to be quite different from re-
ported asymmetries observed in the &~& and I e~
x-ray lines of the elements 35 ~ Z ~ 19. [A study
of the shapes of these lines has been published else-
where (Ref. 25a)].

In elements where two characteristic lines were
not far enough apart for the peak of one to be com-
pletely free of contribution from the Lorentzian tail

Elements

57

5sCe
59Pr
spwd

s2Sm

s4Gd

s 5Tb

see
S7HO

ssEr
69Tm

7p Yb

7fLu

73Ta
74W

75Re
76OS

77Ir
7sPt
79Au

spHg

sf Tl
s2Pb
s3Bi
9pTh

92U

Measured
values

0.176
0.158

0.173
0.170
0.162
0.163
0.158
0.171
0.163
0.146
0. 164
0.200
0.166
0.170
0.174
0.220
0.196
0.197
0.226
0.188
0.227
0.195

0.232
0.233
0.253

MPV

0.169
0.170
0.170
0.169
0.166
0.163
0.162
0.162
0.162
0.163
0. 165
0. 168
0.172
0.176
0.181
0.186
0.192
0.198
0.203
0.207
0.211
0.215
0.217
0.218
0.218
0.235
0.237

MPV
Theory

l.04
1.03
1.02
1.01
0.965
0.942
0.931
0.931
0.931
0.931
0.938
0.944
0.961
0.978
0.984
1.00
1.02
l. 03
1.04
1.06
1.07
1.08
l. 07
l.07
1.05
1.06
1.05

TABLE II. L7f/Lpf ~~ II -NIv~~au -MIv~] transiti
probability ratio. The third column is the ratio of the
MPV to Scofield's theoretical values.

0.9—

0.7

0.5—

0.5
55 75

I

95

of the other, the two lines were unfolded and con-
tribution from their over-extended tails measured
and their effect eliminated. Characteristic lines
which were not well resolved, LP& and LP2 in, zPb,
for example, are not reported.

At high atomic number where the LP» and L P2
were resolved, the intensity of the LP» which
amounts to some 3 to 4% of the LP2 intensity was
simply added to the L P2.

Whenever a relatively weak line is too close to
a strong line as the L P4 is to the LP& in 60Nd, the
magnitude of the LP4 line was determined from the
most probable value of LP~/L P4 transition prob
ability ratio (Table I) and the contribution of the
LP& subtracted from LP&. In such cases, transi-
tion probability ratios involving the weak lines
were not reported.

To reduce the effect of self-absorption, which
is complicated by photo-ionization, the energy
of the exciting electrons was kept as close to the
I

& ionization energy of the sample as was practi-
cally possible. The mean depth of formation of L

FIG. 2. Calculated correction factors applied to the
indicated transition probability ratios. These include
differential absorption, reflectivity of the crystal, and
the efficiency of the detector.

characteristic lines was calculated from previously
measured values and the fact that such depth is
inversely proportional to the electron density in the
bombarded sample. Corrections were made for the
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TABLE III. La'.2/Log and Lp 2, ~5/LQ, 'I transition probability ratios (for legend, see Table I).

1731

Elements

57La
ssCe

5p Pr
6pwd

„Sm
640d

6 5Tb

66Dy

67Ho

6sEr
68Tm

7p Yb

7(Lu
72Hf

73Ta
74%
75Re

,Os
77Ir
7sPt
79Au

spHg

sg Tl
s2Pb
s3Bi

9pTh
92U

Measured
values

0.114
0.108
0.110
0. 104
0.105
0. 101
0 ~ 115
0. 103
0. 116
0.115
0.113
0.113
0.117
0.116
0.113
0.113
0.110
0.111
0.111
0.112
0.116
0.107
0.112
0.114
0.107
0.110
0.105

Lrrr ~rv
Le) ' Lzzr-Mv

MPV

0.107
0.108
0.108
0.109
0.110
0.111
0.111
0.111
0.111
0.112
0.112
0.112
0.112
0.112
0.112
0.112
0.112
0.112
0.112
0.112
0.112
0.112
0.111
0.111
0.111
0.108
0.107

MPV
Theory

0.947
0.956
0.956
0.965
0.973
0.980
0.981
0.981
0.981
0.990
0.990
0.995
0.991
0.987
0.983
0.986
0.987
0.987
0.987
0.987
0.985
0.986
0.981
0.979
0.979
0 ~ 948
0.941

Measured
values

0.212

0.204
0.225
0.214
0.224
0.198
0.196
0.174
0.196
0.150
0.156
0.179
0.192
0.188
0.180
0.219
0.269
0.250
0.246
0.251
0.266
0.269

0.227
0.246
0.315

LP2, f5 LIII +IV V

LQi * LIII-Mv

MPV

0. 212
0.208
0. 210
0.215
0.222
0. 216
0. 207
0. 195
0.182
0.171
0.163
0.163
0.175
0.180
0.193
0.208
0. 223
0.236
0.247
0. 255
0.256
0.257
0.258
0.259
0.260
0.285
0. 290

MPV
Theory

1.19
1.16
1.15
1.17
1.19
1.15
1.10
1.04
0.968
0.910
0.867
0.862
0.921
0.942
1.00
1.06
1.12
1.18
1.21
1.24
1.23
1.22
1.22
1.21
1.20
1.24
1.24

counter recovery time, for differential self-absorp-
tion, absorption in the 4Be x-ray tube window and
the air path, and for the ref lectivity R, of the calcite
crystal and the efficiency E, of the G-M &4Xe-filled
counter as a function of the photon energy. The
correction factor is

(p g )- &+ryvgoyty e "t&t 0

where p, &, p&, and t; are, respectively, the mass
absorption coefficients, the mass density, and the

thickness of the materials traversed by the photons
before reaching the counter. p, is the mass absorp-
tion coefficient of the target material for its own
characteristic lines, p, is the target mass density,
I;, is the mean depth of formation of characteristic
x-ray lines, and g is the take-off angle. The val-
ues of the mass absorption coefficient used were
those tabulated by McMaster et al. , and the values
of R, were taken from Ref. 5. Equation (3) was
computer-solved for the reported transition prob-

TABLE IV. Measured transition probability ratios and their theoretical values from Ref. 16.

Elements

75Re
77Ir
7sPt
7pAu

spHg

siTl
s2Pb
s3Bi
s2U

0.015+0.004
0.017+ 0.004
0.022 + 0.004 5

0.012 5
0.015 6
0.018 5

0.035 +0.006

0.059 + 0.01

0.025 7

0.044

L~ ~, Lrrr Orv, v
Lo. i rzr Mv

Expt. Theo r.

LP6 Lrrz- ~r
Lrzr-~v

Expt.

0.012+0.002

0.012 + 0.003
0.016 + 0.003
0.014 + 0.003
0.014 + 0.003
0.020 + 0.004

Theo r.
0.0128

0.0137
0.0140
0.0143
0.0145
0.0147

0.31 + 0. 06 0.253

0. 29+ 0.06
0.37 + 0. 07
0.40 +0.08

0.256
0.257
0.258

Ly2 Lz -Nzz
LP4' Lz-Mzv

Expt. Theo r.
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FIG. 5. Straight line is from
Scofield's calculation, Ref. 16.
For the rest of the legend, see
Fig. 3.

abilities and Scofield's corresponding theoret-
ical values. The transition probability ratios
listed in Table IV, for one reason or the other,
were not measured for a large enough number of
elements to justify their graphic presentation as
a function of atomic numbers. Rather than mea-
suring all the L transitions of every element, the
decision was made to measure and compare rela-
tively strong transitions over a long range of
atomic numbers in order to establish the depen-
dence of these transition ratios on atomic numbers.

Figures 3-7 are plots of the indicated measured
transition probabilities as a function of the atomic
numbers. Also plotted are the experimental values
obtained by Victor and by Goldberg, and the theo-
retical calculation of Scofield. Babushkin's re-
sults are also included in all these diagrams ex-
cept Fig. 5, where the two theories give the same
results at low Z and Babushkin's results are only
2% lower than Scofield's at 2 = 92. Except for
Ly~/Lp transition probability ratio where Gold-
berg's results are extremely large, all experimen-
tal values are in some sort of agreement.

In comparing experimental results with theoreti-
cal calculations, three main points should be em-
phasized.

(i) Calculations based on RHFS potenial and
screened Coulomb potential are in excellent agree-
ment with experimental results when transitions

resulting in a close doublet are compared, i. e,
«q/Laq (Fig. 5). Such agreement between theory
and experiment has also been observed in the study
of the Ka2/Ka~ ratios. ' Good agreement between
results based on RHFS potential and experimental
values is also observed in the study of the Ly, /Lg
transition probability ratio (Fig. 4).

(ii) Discrepancies of about 18% between results
based on RHFS potential and experiment are ob-
served in the Z = 80 region in the study of LPS/LP4
ratio (Fig. 3), and of about 22% in the same region
of atomic number in the study of LPz»/Lu, and

LQ,„/La2 ratios (Figs. 6 and 7), respectively.
Discrepancies of such magnitude were also ob-
served in the Kx-ray series, ' when the energy dif-
ference between compared transitions is relative-
ly large. Calculations based on screened Coulomb
potential are closer to the experimental results of
LP~/LP4 ratio thr.oughout the studied spectrum of
atomic number and are closer to the experimental
results of Lpz „/Lu, and Lpz»/Ln2 ratios for
g &75.

(iii) Figures 4, 6, and 7 show that the experi
mental values of the indicated transition probability
ratios are much larger than the predictions based
on the screened Coulomb potential in the region
58 ~ 2 ~ 71. This is conclusive evidence that the
change in the slopes of the Ly, /Lg, LPz,»/La, ,
and LP2»/Ln2 ratios at about 2 = 70, predicted

0.4—

Lp2 tg 03—

0 0
t)

0.&— 0 0 n n

+ f& + 0P++
00

Ij

+ ~
l

~ p

FIG. 6. LP2 fg/Lag transi-
tion probability ratio as a func-
tion of atomic number Z. The
curve labels and the symbols
have the same designation as
in Fig. 3.
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on the basis of the RHFS potential, is real, and
that the partial filling of the 4f electronic level
in the region 71 ~ Z ) 58 tends to increase the
probability of electronic transitions from the N„
subshell. Experimental values of the LPz f5/LQJ
and LPz „/Lo2 indicate that the change in the slope
of these ratios at about Z=70 is more severe than
the predictions of theoretical calculations based
on RHFS potential.

CONCLUSION

The present results indicate that the screened
Coulomb potential is too coarse to account for the
details of the dependence of the transition probabil-
ity ratios on atomic numbers. Although the agree-
ment between theory and experiment is excellent
when doublets of small energy separation are

compared, discrepancies of large magnitudes are
observed between experimental results and cal-
culations based on RHFS potential, when the en-
ergy difference between compared transitions is
relatively large.
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