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X Series X-Ray Wavelengths in Rare Earth Elements*
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The X-series x-rays in ten rare earth elements have been studied with a two-meter-radius bent-quartz-
crystal spectrograph. The 3.7-Mev proton beam of the A-48 accelerator {UCRL, Livermore) was used to
produce the atomic excitations. The wavelengths obtained for the E z, E 2, Xp3, and Xp z lines are compared
with previous wavelength measurements. Two weaker transitions, E'p5 and EOzzOzzz, were also observed
and the energies are compared with energies obtained from tables of known atomic energy levels.

I. INTRODUCTION

~ 'HE wavelengths of nuclear gamma rays resulting
from electric (or Coulomb) excitation have re-

cently been determined with high precision using a
bent-quartz-crystal spectrograph. ' In all electric excita-
tion experiments, the characteristic E-series x-rays of
the element which is being bombarded are also ob-
served. ' Generally, these x-rays appear as a rather broad
peak in the NaI crystal pulse-height spectrum which is
centered around the E & and E 2 energy of the element.
At a proton energy of 3.7 Mev, the total intensity of
these characteristic x-rays emitted from the target may
be as much as 50 to 100 times as large as the intensity of
the nuclear gamma rays. (In most electric excitation
experiments it is indeed necessary to use selective
absorbers to reduce the x-ray intensity relative to that
of the nuclear gamma rays. ')

The high resolution of the bent-quartz-crystal spec-
trograph makes it possible to observe directly seven
lines of the E spectrum of the target element. The most
intense lines are E ~, E z, Epa, and Epz which arise
from the transitions between the E shell and the I.zz,

LIII, ~II and %III shells, respectively. The doublet
line, Ep2 is also easily visible. This line corresponds to
the transitions between the E and the Szz and Azzz

shells. Finally, two rather weak lines also appear on
each plate. One of these is the transition between the E
and the Ozz and Ozzz shells, and the other is a line,
usually called Epz, which corresponds to the quadrupole
transition between the E and the Mz~ and M~ shells.
Both of these weak lines are doublets, but the resolution
of the bent crystal is not suf6cient to separate the
components. The most intense lines (E 2, E z, Est, and
Ettz) are easily visible in an, exposure time of the order
of 10 ma-hr since the atomic excitation cross sections in
the region Z&60 are reasonably large. 4 The two weak
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lines, Eps and EOIIOIII, have intensities between 10 '
and 10 ' of the E z line, and hence exposures of the
order of 100 ma-hr are necessary. s (For a detailed dis-
cussion of the efficiency of the spectrograph and the
exposure times necessary for measurements, see refer-
ence 1.)

It has already been pointed out that in the electric
excitation experiments, certain characteristic x-ray
lines from each of the target elements were used for
calibration purposes. In several cases it was found that
certain lines, particularly Ep3 and Ep& x-rays, in some of
the rare earths seemed to give unsatisfactory results
when the known' wavelengths for these lines were used
for calibration. These discrepancies led to a careful
examination of the previous measurements of the E-
emission spectra in the rare earth region, and it was
therefore decided to remeasure the intense E-series
x-rays in the rare earth elements. In addition, the wave-
lengths of the weak Epg and EOzzOzzz transitions were
also measured, since these have apparently never been
directly observed as emission lines in the rare earth
elements using the conventional method of excitation by
electron bombardment in an x-ray tube. Weak emission
lines in heavy elements are easy to observe, however, if
protons are used for atomic excitation since the continu-
ous Bremsstrahlung expected from high-energy protons
is many orders of magnitude smaller' than that pro-
duced by electrons.

II. EXPERIMENTAL PROCEDURE

The experimental methods used in this work have
been described in reference 1.The weak transitions (Ess
and EOzzOzzz) were observed on the same spectral plate
which were used in reference 1 to record the nuclear
gamma rays from electric excitation. The samarium E-
series x-ray spectrum is shown in Fig. 1 with both of the
weak lines clearly visible on the plate. The calibration
lines used to determine the wavelengths of these x-rays
are shown in Table I of reference 1. The strong lines

(E z, E &, Ess, and Esz) were measured by recording
the x-ray spectrum obtained from several diferent
targets on the same spectral plate. Three such plates
were made, each having three or four x-ray spectra
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FIG. 1. E-series x-ray spectrum of samarium. This plate was exposed for 100 ma-hr. For a part of the exposure, the lower portion of
the plate was shielded with a lead screen. The weak transitions (ICjzs and XOzzOzzz) are easily seen on the plate.

along with the calibration lines from a tantalum source,
discussed in reference 1. Since exposures of only 10
ma-hr were necessary to record each spectrum, such
plates could be made in reasonably short times. Figure 2

shows the plate with the x-ray spectra of dysprosium,
holmium, and erbium. The strong x-ray lines were
recorded in this manner so that relative distance
measurements could be made in case there were large
discrepancies in the absolute wavelength measurements.
The methods used to calculate the wavelengths A, and
standard deviations o.P,) of unknown lines are described
in reference 1.

III. RESULTS

The wavelengths of all x-ray lines measured are shown
in Table I. The wavelengths obtained in the present
work are compared with wavelengths measured previ-
ously by several workers. The large discrepancies be-
tween the Eps and Epj wavelengths for certain elements
given here and those given by Cork and Stephenson' are
not surprising. These authors state that the standard
deviations of their measurements of the Ega and Epj
lines are considerably larger than &0.05 x-units, and
Ingelstam' has estimated that their standard deviations
may exceed ~0.1 x-unit. The dysprosium x-rays were

E. Ingelstam, Nova Acta Regiae Soc. Sci. Upsaliensis 4, No. 5
(1936).

measured on two separate plates. The values obtained
on the second plate are shown in parentheses in Table I.
The good agreement between the two sets of numbers
indicates the reliability of the method.

Table II shows a comparison between the energies of
the transitions measured and the energies of the corre-
sponding transitions obtained from existing tables of
atomic energy levels. ' These latter tables were obtained
by combining the best available measurements of the E
and I.q~z absorption edges with the best measurements of
I.-emission spectra. " The comparison made here is
between the levels obtained in this manner and our
direct determinations of the transition energies by
measurement of the corresponding wavelengths. The
energies shown in Table II," column 3, were obtained
from our wavelengths as given in Table I by the
conversion formula:

12372.44&0.16
E= kev.

X(x-units)

There is a slight systematic discrepancy between the
energies given in reference 9 and those obtained from
the present wavelength measurements. The present
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X SE R I ES X —RAY WA VELENGTHS

Element Line
Wavelength in Previous measurements

Siegbahn x-units (x-units)

Neodymium

Samarium

Ep3
Epl

Ep3
Epl
E'ps
EOrrozrr

293.45+0.05
292.71~0.05

273.20&0.04
272.45~0.04
270.56+0.02
264.37+0.02

293.51~
292.75$

273.25~
272.50.

~ ~ ~

~ ~ ~

293.410b
292.683b

TABLE I. The x-ray wavelengths of the rare earth elements are
shown. The present values are compared with previous direct
measurements of the wavelengths of these x-rays.

Element

Neodymium

Line

Ep3
Epl

Energy (in kev) com-
puted from wavelength

measurements

42.16+0.01
42.27%0.01

Energy (kev)
computed from

reference 9

42.159
42.266

TABLE II. The x-ray energies obtained from the wavelengths in
Table I are compared with the transition energies computed from
the tables given in reference 9.The weak lines (E'ps and EOzrOzr z)
were identi6ed by comparing their energies with all the possible
transition energies which could be calculated from the level
energies given in reference 9. The Eps and EOzzOzzz lines are
doublets but they cannot be resolved by the present method.

0

Gadolinium Ea2
Eal
Ep3
Ep]
Eps
EOzrozrr'

292.44+0.04
287.75+0.04
254.81&0.03
254.07&0.03
252.23~0.02
246.36+0.02

292.41'
287.73'
254.71~
253.94

292.61c
287 82c

Terbium

Dysprosium

Holmium

Ea2
Eal
Ep3
Epl
EOzzOzrr

Ea2

Eal

Eps
EOrrOzzr.

Ea2
Eal
Ep3
Ep]
Eps
EOzzOzrr

282.84~0.04
278.14~0.04
246.32~0.03
245.57&0.03
238.09&0.02

273.66&0.04
(273.68&0.04)
268.94&0.03

(268.97&0.03)
238.11+0.02

(238.14+0.02)
237.38&0.02

(237.40&0.02)
235.69&0.02
230.08&0.02

264.91&0.03
260.19~0.03
230.35&0.02
229.64+0.02
228.08~0.02
222.59~0.02

282.94~ 282.86c
278 19 278 20c
246.29'
245.51'

273.64 273 75c

268.87'

237.87'

237.10'

269 03c

264 99c
260.30'

Erbium

Thulium

Ea2
Eal
Ep3
Epl
Ep5
EOzrozr r

E 2

Eal
Ep3
Ep]
Epg
EOzzOrzr

256.55+0.03
251.82+0.03
222.95~0.02
222.20+0.02
220.79&0.02
215.37~0.02

248.59w0.03
243.79&0.03
215.91&0.02
215.11a0.02
213.60&0.02
208.48&0.02

256.72'
251.99'
223.00
222.15~

248.61'
243.87~
215.58'
214.87'

256.64'
251 97c

Ytterbium E 2
Eal
Ep3
Ep]
Eps
EOrzOzrr

240.94&0.03
236.16+0.03
209.57&0.02
208.55&0.02
206,96~0.02
201.84&0.02

240.99
236.22'
209.16'
208.34"

240 98c
236 28c

Lutetium Ea2
Eal
Ep3
Epg
EOrrOrzr

233.59&0.03
228.81~0.03
202.09+0.02
200.42&0.02
195.48&0.02

233.58'
228.82
202.52'

& Reference 6.
b Reference 8.

A. Leide, Compt. rend. 180, 1203 (1925); and dissertation, Lund, 1925
(unpublished).

Samarium

Gadolinium

Terbium

Dysprosium

Holmium

Erbium

Thulium

Ytterbium

Lutetium

Ep3
Epl
Eps
EOrzOrrr

Ea2
Kal
Kp3
Kpl
Eps

45.29~0.01
45.41&0.01
45.73%0.01
46.80&0.01

42.30~0.01
43.00&0.01
48.56%0.01
48.70+0.01
49.05&0.01

EOrzOrrz 50.22~0.01

Ea2
Eal
Kp3
Epl
EOrrorrr

Ka2
Eal
Ep3
Epl
Eps

43.74~0.01
44.48~0.01
51.96+0.01
52.12~0.01
51.97&0.01

45.21~0.01
46.00&0.01
51.96%0.01
52.12&0.01
52.49~0.01

EOrzOrzr 53.77~0.01

Ea2
Eal
Ep3
Ep]
Eps

46.70&0.01
47.55~0.01
53.71&0.01
53.88&0.01
54.25&0.01

EOrrOrrr 55.58~0.01

Ea2
Kal
Ep3
Ep]
Ep5

48.23&0.01
49.13&0.01
55.49&0.01
55.68&0.01
56.04&0.01

EOrzOzrz 57.45~0.01

Ka2
E 1
Ep3
Ep]
Eps

EOrrOrrr

Ea2
Kal
Ep3
%Pl
Eps

49.77&0.01
50.75w0.01
57.30m 0.01
57.52w0.01
57.92a0.01

51.35~0.01
52.39~0.01
59.04~0.01
59.33w0.01
59.78%0.01

Ea2
Eal
Ep3
Eps

52.97&0.01
54.07&0.01
61.22~0.01
61.73&0.01

EOrzOrzr 63.29~0.01

EOrzOrzz 61.30~0.01

45.293
45.415
45 727 (E—Mrv)
46.813

42.284
42.971
48.522
48.667
48.996
49.027
50.190

43.731
44.468
51.911
52.094
51.954

45.189
45.979
51.911
52.094
52.436
52.474
53.743

(E—Mrv)
(E—Mv)

(E Mrv)—
(E—Mv)

46.681
47.526
53.668
53.849
54.205 (E—Mrv)
54 245 (E Mv)—
55.571

48.196
49.100
55.447
55.776
56.005
56.049
57.425

(E—Mrv)
(E—M'v)

49.758
50.725
57.279
57.484
57.857
57.902
59.337

(E Mrv)—
(E Mv)—

51.326
52.360
59.129
59.352
59.727
59.774

(E Mrv)—
(E Mv)—

52.959
54.063
61.042
61 667 (EMrv)' —
61.717 (E Mv)—'

63.279








