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SPECTROSCOPY OF INNER ATOMIC LEVELS: ELECTRIC-FIELD 
SPLITTING OF CORE, P3/2 LEVELS IN ,HEAVY ATOMS* 

t' 
T. Novakov and J. M. Hollander 

Lawrence Radiation Laboratory 
University of· California 

Berkeley, California 94720 

Abstract 

Splittings of atomic core P3/2 levels caused by internal 

electric field gradients have been observed in compounds of Th, U, 

and Pu, by means of photoelectron and internal conversion spectro-. 

scopy. 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 •. This has been due in part toa 

scarcity of experimental tools for probing these levels in detail. 

Of the observable phenomena that relate directly to the structure of 

inner levels, the following are most significant: (I) x-ray absorption and 

emission, (II) internal conversion of nuclear radiation, and (III) photo-

electron emission. From x-ray spectroscopy (I), chemical shifts in the x-ray 

~bsorption ed~es and emission lines have been found. l A considerable amount 

of detailed information about the interactions of core levels with the atomic 

environment is now being provided by use of techniques 112- 4 and 111. 5-7 In 

the latter cases, high-resolution electron spectroscopy is proving to be a 

valuable tool. 
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Splittings of the outer (optical) levels induced by external fields 

and by crystal fields have long been known, but little is known about such 

splittings of core levels. The purpose of this letter is to describe sev-

eral experiments by which splittings of inner P3/2 levels of heavy-element 

atoms have been observed. These observations were made under three different 

experimental situations, involving measurement of (a) photoelectron spectra 

excited by low-energy. x-rays , (b) internal conversion electron spectra 

from radioactive sources, and (c) internal conversion spectra from radio-

active sources exposed to an external electric field. 

The atomic level energy ~ (or electron binding energy) is related 

by energy conservation to the kinetic energy of an emitted atomic electron 

by the following equation: 

E exc. - E - 4> kin. 

where E is the exci tatibn energy ("gamma-ray'; energy in the case of exc. 

internal conversion and x-ray energy in the cas'e of photoelectron emission) 

and E
k

, is the kinetic energy of the emitted electron. 4> isa small In. 

correction for the work function of the spectrometer material. 

Of the experimental situations mentioned, photoelectron spectroscopy 

offers the possibility to investigate atomic level energies with the highest 

resolution. This is so because of the lower kinetic energies associated 

with photoelectron emission than are normally encountered with internal 

conversion. In the work reported here, Mg Ka x rays (1254 eV) were used as 

the excitation source, and a50 cm iron-free magnetic spectrometer was used 
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to record the photoelectron spectra. This system produced lines with half-

widths (FWHM) of about 2eV. 

We have studied the photoelectron, spectra from metallic sources of 

tantalum, platinum, gold, thorium, uranium, and plutonium, as well as from 

some compounds of tqorium and uranium. Figure 1 shows some portions of the 

spectra produced from targets of U metal, Th metal, and U0
3

, irradiated,with 

Mg Ka radiation. In these spectra, photolines from NVI (4f
5

/ 2), NVII (4f7/ 2), 

DIll ( 5P3/2), 0IV (5d
3/ 2), and 0v (5d

5/ 2 ) levels are shown. The 0I (5s l / 2 ) 

and OIl (5Pl/2) 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 normal shape except the 

0III' which shows a composite structure. The shape of the DIll line v,aries 

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, U0
2

,' U0
3

, uranyl,., .. ;'" 

nitrate, and 'uranyl acetate; of these, the largest splitting (10 eV) was 

found with the uranyl acetate, the smallest (3 eV) with U02 • With plutonium 

metal, the separation between the main components appeared to be about 16 eV. 

In contrast to the results with thorium, uranium, and plutonium, the 

targets of tantalum, platinum, and gold metals produced no evidence for com-

plexity in the DIll line or in any other line. 

In order to eliminate the possibility that the observed complexity 

of the DIll lines could be caused by Auger lines of coincidentally similar 

energy, the measurements on the uranium compounds were repeated with Al K 
a 

radiation. The previous resu~ts were confirmed. The measurements were 
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also repeated with materials of different origin, to minimize the probability 

of interfering 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-

'. 5-7 
known in photoelectron spectroscopy. The latter, which arises from small 

changes in the binding energies of electrons in different chemical environ-

6 ments, affects all core levels by about the same amount. 

Other evidence for the splitting of the P3/2 level in heavy elements 

has been found in internal-conversion spectroscopy (situations (b) and (c) 

mentioned above).' rna study of the internal conversion lines of the 7. B5 

239 B' keY transition from the decay of 2.3 day Np, Novakov et al. observed 

that the shapes of the Orr and 0rrr lines are different, with evidence of 

structure in the 0Hr line. A portion of the spectrum is shown in Fig. 2. 

The half-width of the Orr line is 38 eV, and we estimate that a splitting 

of about 15 eV in the 0rrr line could cause the observed shape. The differ­

ence in natural width between the On and 0rn lines, probably less than 

2 or 3 eV,9 is too small to be responsible for this effect. 

. 10 
rn another related experiment, Novakov and Hollander were able to 

induce changes in the shapes of internal conversion lines from P3/2 levels 

by placi~g radioactive sources in a high external electric field. The con-

version lines were measured with the same spectrometer system as the photo­

electron lines discussed above. With a 233pa source in a field of about 

6 
10 V/cm, the Lrrr conversion line of a 40.4 keY transition showed a satel-

lite (or shoulder) on the low-energy side of the main component, while the 

Lr and Lrr lines showed no structure. Because of the relatively large 
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instrumental line width in this situation, -about 100 eV for the LII line, 

the satellite was n~t completely resolved from the main peak. 

Similar experiments were subsequently performed by Novakov and 

J 'AOj o~ll °th 239N - d 0 dOff thO 1 f d an1~1 eV1~ W1 p sources prepare 1n 1 eren' c em1ca orms, an 

it was found that a satellite on the LIII line of a 57.2-keV transition was 

induced by the field, with a separation of about 100 eV from the main com~ 

ponent, while the LII line remained essentially 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 chloride and oxide sources but not with hydrated oxide 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 P3/2 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 P3/2 levels arid: I,' 

has not been seen either in the Pl/2 level or in the d levels. The mutual' 

consistency of the results from the several experiments, involving completely 

'-
different circumstances, is illustrated by the fact that the observed 

splitting energy of the 5P3/2 level in plutonium is of similar magnitude 

whether obtained from internal conversion (~15 eV) or from photoelectron 

emission (~6 eV). 

Although a mechanism to account for these observations has not been 

established with certainty, it is probable that the splitting of the core 

P3/2 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 factors 
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responsible 'for the field gradient at the nucleus (Sternheimer effects). On 

the other hand, a more ,direct effect arising from chemical bonding 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 altered because of 

their participation in chemical bonding, a gradient might be felt at the 5p 

levels that is large enough to split the m = ±1/2 and m = ±3/2 substates of 

the 5P3/2 level by the amount observed. 

The fact that the splitting was seen with Th metal: requires comment. 

Thorium metal has a cubic structure, which would not produce quadrupole 

fields in the interior of the crystal, but substantial 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 consideration in x-ray photoelectron spectroscopy with solids, ' 

as the emitted photoelectrons are produced in a thin layer from the surface 

to a depth of not more than about 100 ~. 5 As mentioned above" splittings 

,were not observed with metallic gold, platinum, or tanatlum, but in these 

cases there is much less surface oxide present. It i~ obviously of interest 

to repeat and extend these measurements under controlled chemical conditions. 

The application of an external elect~ic field provides an additional 

contribution to the internal 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. 2b), in which the water molecules can 
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act as an electrostatic shield, but became' effective with the same source 

after it was ignited'to,the oxide (Fig.2c). 

The authors are very grateful to Professor D. A. Shirley for his 

interest and helpful comments. 
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FIGURE CAPTIONS· 

Fig. 1. Portions' of tpephotoelectron spectra from targets 'of thorium 

metal, uranium metal, and,U03 irradiated with Mg Ka radiation. ,NVI ' 

NVII ' 0111' 0IV' and 0v photo~lines are shown. These data were 

recorded with the Berkeley iron-free spectrometer. 

Fig. 2. 0, and P internal conversion lines of the 7.85 keV nuclear transi­

tion in 239Pu following the decay of 239NP.Solid lines represent the 

graphically resolved line shapes. These data were recorded with the 

Belgrade iron-free spectrometer. 

Fig. 3. LIII internal conversion line of the 57.2 keV nuclear transition 

239 from Np sources prepared in different chemical forms and exposed to 

a strong. electrostatic field. These data were recorded in Belgrade, and 

the figure has been modified slightly from reference 11 •. 
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