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(Received 1 August 1968)

Splittings of atomic core pg,y levels caused by internal electric field gradients have
been observed in compounds of Th, U, and Pu by means of photoelectron and internal-
conversion spectroscopy. The magnitude of the splitting varies with the element and
specific compound examined, and it may be considerably enhanced by application of a

strong external field.

Until recently, only limited study has been
made of the chemical aspects of inner, or core,
atomic levels because, in part, of a scarcity of
experimental tools for probing these levels in de-
tail.

Of the observable phenomena that relate direct-
ly to the structure of inner levels, the following
are most significant: (I) x-ray absorption and
emission, (II) internal conversion of nuclear ra-
diation, and (III) photoelectron emission. From
x-ray spectroscopy (I), chemical shifts in the x-
ray absorption edges and emission lines have
been found.! A considerable amount of detailed
information about the interactions of core levels
with the atomic environment is now being provid-
ed by use of techniques I1%2-% and I11.5~"7 1In the lat-
ter cases, high-resolution electron spectroscopy
is proving to be a valuable tool.

Splittings of the outer (optical) levels induced
by external fields and by crystal fields have long
been known, but little is known about such split-
tings of core levels. The purpose of this Letter
is to describe several experiments by which
splittings of inner p,,, levels of heavy-element
atoms have been observed. These observations
were made under three different experimental

situations, involving measurement of (a) photo-
electron spectra excited by low-energy x rays,
(b) internal-conversion electron spectra from ra-
dioactive sources, and (c) internal-conversion
spectra from radioactive sources exposed to an
external electric field.

The atomic level energy Ep (or electron binding
energy) is related by energy conservation to the
kinetic energy of an emitted atomic electron by
the following equation:

Eb _Eexc _Ekin—(p’
where Egxc is the excitation energy (“gamma-
ray” energy in the case of internal conversion
and x-ray energy in the case of photoelectron
emission) and Ey;, is the kinetic energy of the
emitted electron. ¢ is a small correction for the
work function of the spectrometer material.

Of the experimental situations mentioned, pho-
toelectron spectroscopy offers the possibility to
investigate atomic level energies with the highest
resolution. This is so because of the lower kinet-
ic energies associated with photoelectron emis-
sion than are normally encountered with internal
conversion. In the work reported here, Mg K«

x rays (1254 eV) were used as the excitation
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source, and a 50-cm iron-free magnetic spec-
trometer was used to record the photoelectron
spectra. This system produced lines with full
width at half-maximum of about 2 eV.

We have studied the photelectron spectra from
metallic sources of tantalum, platinum, gold,
thorium, uranium, and plutonium, as well as
from some compounds of thorium and uranium.
Figure 1 shows some portions of the spectra pro-
duced from targets of U metal, Th metal, and
UQ, irradiated with Mg Ko radiation. In these
spectra, photolines from Ny (415,,), Ny
(417/2), OmI (5p5,2), OV (5d5,,), and Oy (5d;,5)
levels are shown. The Oy (5s,,,) and Oy (5p,,,)
lines are apparently only very weakly excited and
were not clearly observed in our spectra.

It was found that all of these lines have a nor-
mal shape except the O1q, which shows a compo-
site structure. The shape of the Ogyy line varies
with the particular compound examined, but in
all cases a splitting was seen. The magnitude of
the splitting is evidently chemistry dependent.

In the case of uranium, the sources used were
the metal, UO,, UO,, uranyl nitrate, and uranyl
acetate; of these, the largest splitting (10 eV)
was found with the uranyl acetate, the smallest
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FIG. 1. Portions of the photoelectron spectra from
targets of thorium metal, uranium metal, and UO, ir-
radiated with Mg Ko radiation. Ny Ny Oms O
and Ov photolines are shown. These data were record-
ed with the Berkeley iron-free spectrometer.
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(3 eV) with UO,. With plutonium metal, the sepa-
ration between the main components appeared to
be about 16 eV.

In contrast to the results with thorium, urani-
um, and plutonium, the targets of tantalum, plat-
inum, and gold metals produced no evidence for
complexity in the Ofy1 line or in any other line.

In order to eliminate the possibility that the
observed complexity of the O111 lines could be
caused by Auger lines of coincidentally similar
energy, the measurements on the uranium com-
pounds were repeated with Al Ko radiation. The
previous results were confirmed. The measure-
ments were also repeated with materials of dif-
ferent origin to minimize the probability of in-
terfering lines arising from impurities.

These results, which we interpret as evidence
for level splitting, are believed to be distinct
from the chemical-shift effect that is well known
in photoelectron spectroscopy.’”” The latter,
which arises from small changes in the binding
energies of electrons in different chemical envi-
ronments, affects all core levels by about the
same amount.®

Other evidence for the splitting of the p,,, lev-
el in heavy elements has been found in internal-
conversion spectroscopy [situations (b) and (c)
mentioned above]. In a study of the internal con-
version lines of the 7.85-keV transition from the
decay of 2.3-day *®*Np, Novakov et al.® observed
that the shapes of the Opp and Oyyy lines are dif-
ferent, with evidence of structure in the Oqqy line.
A portion of the spectrum is shown in Fig. 2.
The half-width of the Oyy line is 38 eV, and we
estimate that a splitting of about 15 eV in the
O1qg line could cause the observed shape. The
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FIG. 2. O and P internal conversion lines of the
7.85-keV nuclear transition in 23*Py following the decay
of 2*Np. Solid lines represent the graphically resolved
line shapes. These data were recorded with the Bel-
grade iron-free spectrometer.
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difference in natural width between the O11 and
Opqq lines, probably less than 2 or 3 eV,? is too
small to be responsible for this effect.

In another related experiment, Novakov and
Hollander'® were able to induce changes in the

shapes of internal conversion lines from p,,, lev-

els by placing radioactive sources in a high ex-
ternal electric field. The conversion lines were
measured with the same spectrometer system as
the photoelectron lines discussed above. With a
233pa source in a field of about 108 V/cm, the
LIII conversion line of a 40.4-keV transition
showed a satellite (or shoulder) on the low-ener-
gy side of the main component, while the Ljand
Ly lines showed no structure. Because of the
relatively large instrumental linewidth in this
situation, about 100 eV for the Ly line, the sat-
ellite was not completely resolved from the main
peak.

Similar experiments were subsequently per-
formed by Novakov and Janicijevié** with 2®Np
sources prepared in different chemical forms,
and it was found that a satellite on the Ly line
of a 57.2-keV transition was induced by the field,
with a separation of about 100 eV from the main
component, while the Ly line remained essen-
tially unchanged. The relative intensity of the
satellite portion of the line depended on the field
strength and also upon the chemical form of the
source. The satellites were observed with chlo-
ride and oxide sources but not with hydrated ox-
ide sources, as can be seen from Fig. 3.

Thus, the results of the experiments described
here indicate that a splitting or energy shift
takes place in p4,, levels of the elements men-
tioned, under the combined influence of external
and internal fields, or of the latter alone. The

effect appears to be unique to the p,,, levels and
has not been seen either in the p,,, level or in the
d levels. The mutual consistency of the results
from the several experiments, involving com-
pletely different circumstances, is illustrated by
the fact that the observed splitting energy of the
5p,,, level in plutonium is of similar magnitude
whether obtained from internal conversion (=15
eV) or from photoelectron emission (=16 eV).

Although a mechanism to account for these ob-
servations has not been established with certain-
ty, it is probable that the splitting of the core
D3/, levels is caused by an effective electric field
gradient in the interior of the atom. The origin
of this field gradient may be related to the fac-
tors responsible for the field gradient at the nu-
cleus (Sternheimer effects). On the other hand,
a more direct effect arising from chemical bond-
ing may be responsible for the field at the 5p
shell. If, for example, the symmetries of the 6p
or other outer orbitals in the actinides are al-
tered because of their participation in chemical
bonding, a gradient might be felt at the 5p levels
that is large enough to split the m=+3 and m
=13 substates of the 5p 4/, level by the amount ob-
served.

The fact that the splitting was seen with Th
metal requires comment. Thorium metal has a
cubic structure, which would not produce quadru-
pole fields in the interior of the crystal, but sub-
stantial fields might be expected near the surface
in the case of our samples since no special pre-
cautions were taken to prevent the formation of
surface oxide layers. This is an important con-
sideration in x-ray photoelectron spectroscopy
with solids, as the emitted photoelectrons are
produced in a thin layer from the surface to a
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FIG. 3. Lyp internal conversion line of the 57.2-keV nuclear transition from #®*Np sources prepared in differ-
ent chemical forms and exposed to a strong electrostatic field. These data were recorded in Belgrade, and the

figure has been modified slightly from Ref. 11.
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depth of not more than about 100 A5 As men-
tioned above, splittings were not observed with
metallic gold, platinum, or tantalum, but in
these cases there is much less surface oxide
present. It is obviously of interest to repeat and
extend these measurements under controlled
chemical conditions.

The application of an external electric field
provides an additional contribution to the inter-
nal field gradient through induced polarizations
of the electron shells. In this connection we note
that with the external field the splitting observed
in the deep-lying 2p level was as large as 100
eV, which is an order of magnitude greater than
that seen in the 5p level without the external
field. It is interesting that the external field was
not effective with a hydrated-oxide source [Fig.
2(b)], in which the water molecules can act as an
electrostatic shield, but became effective with
the same source after it was ignited to the oxide
[Fig. 2(c)].

The authors are very grateful to Professor D.
A. Shirley for his interest and helpful comments.

*Work performed under the auspices of the U. S.
Atomic Energy Commission.

tOn leave from the B. Kidrich Institute, Belgrade,
Yugoslavia.
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ENERGY ANALYSIS OF ELECTRONS FROM PENNING IONIZATION PROCESSES

V. Fuchs and A. Niehaus
Physikalisches Institut der Universitit Freiburg, Freiburg, Germany
(Received 22 July 1968)

The energy of electrons released in collisions of metastable rare gas atoms with vari-
ous gases is measured by means of a retarding potential field. The energy distributions
obtained show a marked influence of the interaction forces between the colliding parti-

cles.

Measuring the energy of electrons ejected in
Penning ionization processes!

A*+B—~A+Bt+e~ (Eel) (1)

can yield information about the energy of ionic
states E; (B*). In contrast to the photoionization,
optically forbidden transitions B — B** can be
studied. The first experimental investigations in
this field of “Penning-ionization electron spec-
troscopy” were done by Cermdk.?

Another important difference between (1) and
photoionization is the fact that the energy rela-
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tion Eg) =Ecy(4)-E;(B*), where Eex(A) is the
excitation energy of A, is only an approximation.
In principle it must be expected that the relative
kinetic energy of the system is different before
and after the ionization process. In other words
the relation should be

’

= - +
E =E  (A)-E (B*) +AE, )
where AE can be positive or negative. If AE is
positive and greater than the relative kinetic en-
ergy of the neutral system at infinity, associa-



