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The uranium M x-ray spectrum from a thick metallic target excited by 12-keV electrons was measured by the
PAX (photoelectron spectrometry for the analysis of x rays) technique. Energies of the strongest lines were
obtained with an accuracy of 0.1 eV using Ag LB, and Ag La, as standards. Widths of the uranium lines
were obtained by deconvoluting the measured Voigt profiles, and the experimental values were found to agree
satisfactorily with McGuire’s Hartree-Slater predictions. Natural widths of 4.0(3) and 3.8(3) eV were derived
for the M, and M; levels, respectively, and the energies of the M,, Ms, N,, and N; levels in uranium metal
were determined. Relative intensities of the M lines were measured, and branching ratios were found to be in
fair agreement with relativistic Hartree-Slater predictions. The satellite structures of the Ma,; and MB lines
were interpreted in terms of the pertinent multiple-hole configurations. Finally, an approximate analytic
expression for the Voigt half-width and its graphical representation are given.

I. INTRODUCTION

Although the M x-ray emission spectrum of
uranium has been recorded repeatedly,!'? widths -
and intensities of the lines have not been pre-
viously determined, and the accuracy of the x-
ray energy values averaged® from the various
measurements has remained low. Using the PAX
method*'® (photoelectron spectrometry for the
analysis of x rays), we remeasured the uranium
M spectrum to determine linewidths and relative
intensities, for which calculations have recently
become available,® ' and to improve the accuracy
of the energy values. A brief, preliminary report
of this work has been given previously.*

II. EXPERIMENTAL

Since the principle and characteristics of the
PAX method have been described elsewhere,*s
only essential features and instrumental details
pertaining to this work will be given here. In
particular, we describe the procedure and setup
employed for an accurate energy determination
and present a simple approximation of the Voigt
integral half-width, which allows a convenient
determination of the natural linewidth from the
measured peak contour. / :

A. General

X rays are converted into photoelectrons from
a gaseous source, such as neon, in the arrange-
ment shown schematically in Fig. 1. The electrons
that pass through the acceleration slits are dis-
persed in an electrostatic, spherical sector-plate
energy analyzer and counted individually. A spec-
tral range is scanned at the rate of 20/sec by
applying a repetitive sawtooth to each of the dc-
biased sector plates and storing the signals in

the memory of a multiscaler operated in synchroni-
zation with the sawtooth. The expression

E . =fV+gC +(relativistic terms) (1)

relates the energy E,, of the electron, upon enter-
ing the analyzer, to the bias voltage V and the

channel number C of the scaler, where f is the
analyzer and g the scale constant (in eV /channel).

B. Acceleration slit structure

The structure shown in Fig. 2 permits the ac-:
celeration of electrons from a gaseous source.
Photons from the anode (3) enter the converter
cell (10) through an 8-um Be window (2) and a
0.6-um Al foil (1). Electrons are born in a field-
free region (10) at the potential U applied to cell
walls, slits (5-7), backing plate (4), and windows:
(1), and are accelerated between (7) and (8) to

" ground potential. Up to 800 V can be applied be-:

tween (7) and (8). Slits (5—9) define the azimuthal
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FIG. 1. Schematic of x-ray tube and photoelectron
source.
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apex angle to about 3° as long as eU is small com-
pared with the initial photoelectron energy.

C. Energy measurement

The energy balance for a photoelectron ejected
from an atomic level with binding energy E5 by’
a photon v and accelerated through a potential
difference U is given by

hv+eU=E, +E, +Eg+e¢, (2)

where E,, is the kinetic energy following accelera-
tion, ¢ the potential due to space and surface
charges in the source (Fig. 2), e the electron
charge, and £, the recoil energy of the converter
atom. For an electron observed perpendicular to
the photon direction, E, is approximately

E,=(m/M)(hv-Epg), (3)

where m and M are the electron and atomic mass-
es, respectively.

Assuming two photons, kv, and hy,, are con-
verted by the same level, Eqs. (1) to (3) yield
then for the difference Akv the relation

Ahv=hv, = hvy=(L+m/M)(~eAU +AE,,)

=(1+m/M)(—eAU +fAV+gAC). (4)

Thus, using a suitable x-ray standard, Av,, the
energy determination based on Eq. (4) requires
only a single measurement, that of AU, provided
the condition | eAU|~AE, is met. This condition
is equivalent to AV =0 (plate voltages constant),
and AC= 0 (peak positions in the same or nearby
channels), and implies no need for precise values
of f and g. While Eq. (4) describes the preferred
mode for energy measurements of strong lines,

580006
FIG. 2. View of acceleration slit structure and x-ray

anode (3), showing converter gas cell (10) and slits
(5)—(9). Details in text.

the relativistic form'? of Eq. (4)
Ahv=(1+m /M) fAV +gAC
+f2AV(V, + V,)/ 2mc?
+ (smaller terms)] (5)

may be applied to determine the energies of weak
lines using AV+#0 and AU =U, =U,=0 [AU dropped
from Eq. (5)]. In this work Ma and MB energies
were obtained in the constant-plate-voltage mode
[Eq. (4)], and the other M lines in the constant-
acceleration mode [ Eq. (5)].

D. Sources of errors in the energy measurement

The error in the measured energy kv, is com-
posed of the error of the standard and the errors
in the parameters of Eq. (4). In addition the pos-
sibility of durchgviff (field penetration) into the
source, lens effect of the slits, and space-charge
fluctuations need be considered. Where possible the
individual contributions were measured inauxiliary
experiments or evaluated from model calculations,
and power supply performance. For example, durch-
griff was calculated'® to be less than 8x107° of
U; lens effects and resulting shifts in the radial
distance 7, at which the electrons enter the an-
alyzer, were estimated'*'!® to cause an energy
shift of less than 0.1 eV for 2 keV electrons; and
space-charge fluctuations were found to contribute
an error of less than 20 meV. The accuracy of
the absolute voltage measurements was better
than +2X107° of AU; the stability of the bias vol-
tages was about +1X107° of V; the uncertainty
in the energy of the standards was about 30 meV;
and the uncertainty in AC (peak positions) amounted
generally to less than 0.1 eV in the experiment
and about +20 meV in test cases exhibiting high
statistical confidence. Taking into account all
error sources, except the reference error, the
overall error is estimated to be (2 -5)X107% in
Ahv, or at least 20 meV for small values of Akv..
Experimentally, the overall performance of the
calibration method was checked by measuring
the energy differences £(Ne 1s) - E(Ne 2p) and
E(Ag LB,)-E(Ag La,) and comparing our values
with reference data.'®'!” We found excellent mu-
tual agreement, verifying our estimated accuracy
to about 3X107% or ~30 meV.

E. Intensity measurement
In a PAX spectrometer that uses equal entrance
and exit slits for the analyzer and no pre-accelera-
tion, the incident photon spectrum N(kv) is related
to the measured electron spectrum N(E) by®''8

N(E)dE =GNTn(1 - a)Eo (K, hv)dQ N(hv) dE, (8)
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where E is the electron energy, G a geometric ‘
factor, N the number of converter atoms, T
=T(hv) the transmission of the windows between
x-ray and photoelectron source, 1 =7(E) the de-
tector efficiency, a =«a(£) the fraction of electrons
scattered out before reaching the detector,

0, (K, nv) the differential photoionization cross
section of the converter level nl, and d2 the solid
angle determined by the entrance slits.

It is evident from Eq. (6) that relative x-ray
intensities can readily and reliably be obtained,
since only the dependence of the parameters on
the energy needs be known. Errors entering the
measurement were discussed elsewhere.’"'® The
error introduced by calculating differential photo-
ionization cross sections c,,,(E, hv) from the par-
tial cross section o0, (%v) in the dipole approxi-
mation is small at low photoelectron energies,
but may amount to more than 10% for energies
between 1 and 3 keV. Hence, the error in the
ratio o, (&, hv,) /0, (&, kv,) for lines several 100
eV apart may be of the order of magnitude of
1072,

F. Linewidth determination

The contour V(x, I',) of the observed photoline
is the convolution of a Gaussian function G(x, I';),
representative of the analyzer window function
with T'; =0.0015 E,, , and a Lorentzian function
L(x,T',) characteristic of lifetime-governed nat-
ural shapes of levels and x rays. Hence

+ 0
V(x; Fv): j L(gy I-‘L)G(x—‘g) Fc)dgy (7)
where the I'’s refer to the FWHM of the corre-
sponding contours.
We derived, and used in the data analysis, the
analytical expression®

&_l_<£§.>2_ <_£Q (Eaz
e -1-(g2) -o114{1- 58 r,,) (8)

for the relation between I'y, Ty, and I',. Equa-
tion (8), which is plotted in Fig. 3, yields values
for T'; (or T'y) that differ by less than 0.1% from
those calculated® by the exact formula, Eq. (7).

G. Sample preparation and spectrometer operation

The metallic uranium anode was prepared by
melting in vacuo a disc of uranium metal onto
a 0.2-mm tungsten foil, which in turn was silver
brazed to the tip of a copper tube. The uranium
disc was then reduced to a thickness of 0.3 mm
to insure efficient anode cooling. Finally, the
sample was filed in argon atmosphere to remove
the oxide coating, introduced into the x-ray tube
under argon protection, and kept at p= 50 pPa

during the measurement. The uranium was of
99% purity as assayed in a wide-scan x-ray fluor-
escence analysis with a Si(Li) detector.?® For
the calibration runs, silver was evaporated on
one half of the target area, so that uranium and
silver reference lines could be excited and re-
corded simultaneously. The uranium oxide anode
used to check for possible effects of chemical com-
position on the x-ray energies was prepared by
heating in oxygen® a 200-ug/cm? uranium sample
electrodeposited from isopropyl-alcohol solution
on a silver-plated copper anode.

Spectra were excited by 12-keV electrons with
a current of either 15-20 mA for the oxide or
40-50 mA for the metal. The anode had a bevel
of 10° and the spot size was about 3 X5 mm?,
Converter gas pressures were typically 10 Pa
in the cell and less than 3 mPa in the analyzer;
the Ne 1s, Ar 1s, and S 1s (H,S) levels were used
for conversion. The resolution of the analyzer
was set at AE/E =0.15% in terms of energy of
the electrons entering the dispersive element.
The Ag LB, line, E =3150.97(3) eV, and AgLa,
line, E =2984.34(2) eV, served as energy stand-
ards.?

III. RESULTS AND DISCUSSION

A. Energies of M x rays and some M and N levels

Table I summarizes our results for the stronger
lines in the M spectrum and also lists the values
of Bearden® and the data of Lachére.? The un-
certainties of the present values are considerably
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FIG. 3. Lorentzian and Gaussian fractions of the half-
width (FWHM) of a Voigt-profile line. Plots of integral
(exact) and polynomial (approximate) functions coincide
on scale shown.
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smaller than those of previous determinations

and amount to 0.1-0.5 eV. These errors are
1érgely due to the errors in the determinations

of the peak positions. The splitting of the Ma
doublet is 11.4(5) eV and slightly higher than the
value of 10.8(1) eV found for the 4f doublet by
more accurate photoelectron spectrometric mea-
surements.?® According to Bonnelle and Lachére,®
the position of the M,N,y line may possibly be
affected by interference with other lines. A value
of 3171.2(2) eV for Ma, was obtained for the oxide
and 3171.4(1) eV for the metal, indicating that

the chemical shift lies within the error limits

of the measurements.

Using the transition energies of Table I, column
2, and the Ny and N, level energies reported by
Fuggle et al.?” for uranium metal, the energies
of the M,, My, N,, and N, levels in the metal can
be derived. These level energies are entered
in Table II with data!” presumably pertaining to
oxide and recent data®® for UO,. As a measure
of the consistency among the sets of data, the
differences between the energy values for metal
and oxide are also given in Table II. Inferring
an energy shift of slightly more than 3 eV to per-
tain throughout, the N; energy of Ref. 27 for the
metal appears to be too high by about 1 eV and
the M, energy of Ref. 29 for the oxide to be more
accurate than that of Ref. 17.

B. Linewidths

In Table III experimental and theoretical line
widths are tabulated for the strongest lines ob-
served. Also listed are the converter levels
whose widths are as follows: I'(Ne 1s)=0.23(2)
eV®; I'(Ar 1s)=0.67(2) eV3'; and I'(S 1s)=0.6(1)

TABLE 1. Energies of prominent uranium M x rays
(in eV).

Line This work ? Bearden P Lachére ©
Mg Ny &y 2506.8(2) 2506.7(1.0) 2507
Mg Ny, 3160.0(5) 3159.6(8) 3162
Mg Nyeey 3171.4(1) 3170.9(8) 3172
MN, &, 2455.7(3) 2455.1(1.0) .

My Ng 3336.7(1) 3336.4(9) 3336.2
Mg Ny 3565.1(3) 3564 (1) 3564.2

 Reference lines: Ag Lf,3150.97(3) eV; Ag Lay,
2984.34(2) eV (Ref. 3). Errors indicated in parentheses
are standard errors.

b Reference 3; probable errors are given.

¢ Reference 2.

eV. The width of I'(S 1s) in H,S was averaged
from the atomic calculations of Refs. 6, 7, and
10 assuming molecular effects to be negligible.

A value of 0.6(1) eV was also obtained from an-
alyses of runs in which the MS line was converted
either by Ar 1s with a well-known level width

or by S 1s in H,S.

The errors quoted include the uncertainties in
(a) the widths I', of the observed lines, (b) widths
of converter levels, and (c) the analysis according
to Eq. (8) or, alternatively, Fig. 3. In the case
of the My line, no error is given since the degree
of line distortion by the M, absorption edge is
uncertain. Widths of the Ma and Mg lines are
found to be slightly less than the theoretical pre-
diction, indicating that theory overestimates the
M, and M, level widths since the N and N, levels
contribute only about 0.3 eV. On the other hand,
the experimental M¢ line widths are greater than
the theoretical widths suggesting that lifetime
broadening may not be the sole contributor. Other

TABLE II. Energies of several M and N levels in uranium metal and oxide (in eV).

A
Level Metal Oxide 2 U0, Oxide-Metal
M, 3724.93) ° 3727.6(3) 2.7, 3.2) f

My 3548.8(3) ° 3551.7(3) 2.9

N, 1269.2(5) P 1272.6(3) ‘e 3.4
1042.0¢4) ° 2.9

N 1043.0(6) © 1044.96) 1.9

N, e 780.4(3) 780.1(5) ¢ e

Ny 737.7(3) 737.7(5) ¢

Ne 388.2(1) © 391.3(6) 390.8(4) 3.1;3.5

N 377.4(1) © 380.9(9) 380.04) © 3.5; 3.6

@ Bearden and Burr (Ref. 17); best-fit values; undefined oxides.
® This work in reference to Ng and N; energies.

¢ Fuggle et al. Ref. 27).
dVeal et al. (Ref. 28).
¢ Weighted average (Ref. 28).

f Using E(M,) =3728.1 eV reported by Nordling and Hagstrom (Ref. 29).
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TABLE III. Widths (FWHM) of uranium M x-ray lines
(in eV).

Converter
Line Experiment  Theory? level
M5 N3&y 15(@2) 10.81 Ne 1s
Mg Ny, 4.1(6) 4.47 S 1s of H,S; (Ne 1s)
Mg Nyt 4.13) 4.47 S 1s of H,S; (Ne 1s)
MyNy &, 13(2) 11.91 Ne 1s
MyNgB 4.3(3) 4.74 Ar 1s
M, Nyy 14° 16.77 Ne 1s

2 M levels from Ref. 8; N levels from Ref. 9. Nonrela-
tivistic Hartree-Slater calculations.
b Line distorted by My absorption edge (see Fig. 5).

effects,®'1® such as satellite overlap and multiplet

splitting, may be the cause of the additional broad-

ening. :
In Fig. 4 an interesting case is displayed, in

which the line width I';, of Mj is given simply

by 'y =T, = ' (Ar 1s), since the window width,

I;=0.0015 E,, , is negligibly small.

C. Relative intensities

The relative intensities were deduced from the
photoelectron spectrum obtained with Ne 1s as a
converter and with no preacceleration (Sec. IIE)
using the procedures outlined in Ref. 5. From
the observed spectrum, Fig. 5, a constant back-
ground consisting of bremsstrahlung, detector
noise, and stray electrons, and the contributions
from inelastic scattering and shakeup were sub-
tracted, and the resulting line spectrum was trans-
formed into the x-ray line spectrum with the aid
of Eq. (6). The energy dependence of the detector
efficiency 1 was taken from Bordoni,*® a was as-
sumed to be constant, and the energy dependences
of T and o,,,(E, hv) were calculated from known

URANIUM M X-RAY EMISSION

SPECTRUM 963
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FIG. 4. MR line of uranium converted by the Ar 1s
level into a photoline of low energy having negligible
instrumental (Gaussian) broadening.

total cross sections o ,,.%'3* For the neon con-
verter, we used®® o,4(hv)=0.729 0, (kV) and

OLS(E, hv) <o, (kv) incurring a small error by the
neglect of retardation. The relative x-ray in-
tensities, observable at a mean takeoff angle of
10° are listed in Table IV. These intensities need
to be corrected for self-absorption in the target
to arrive at relative emission rates and branching
ratios that can be compared with theory. Ap-
proximate correction factors, which are also
listed in Table IV, were calculated using Feld-
man’s expression®® for the electron range and
Scofield’s relativistic cross sections.*® The ex-
perimental branching ratios are found to be in
poor accord with the nonrelativistic calculation3’

FIG. 5. Uranium M
x-ray spectrum showing the
major emission lines.
Spectrum corrected accord-
ing to Eq. (6) after sub-
traction of shakeup (dash-
dot lines) and inelastic
scattering (dash lines)
structures is shown as a
solid line. Tantalum line
comes from filament shield
. -{ of x-ray tube.
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TABLE IV. Relative intensities of U M x rays excited by 12-keV electrons, and branching
ratios for M, and Mj shells.

Branching ratios

Rel. intensity Correction Theory Theory

Line Expt. factor ? Expt. P Rel. © nonrel. ¢
Vg Ny 100 1.00 100 100 100
My Nga, 2.6(3) 1.01 2.6(3) 5.1 5.0
MgNyE, 3.3(7) 1.66 5.5(1.3) 3.3 2.3
M N 492) 0.92 100 100 100
My Ny &, 3.1(7) 1.74 11(3) 4.6 1.7
M,0, 0.4(2) 0.83 0.8(5) 1.0 0.4
My Ney 2.4(4) 1.83¢

2 For target self-absorption; see e.g., Ref. 5.
b Error includes estimated uncertainties in correction factors.

¢ Reference 38, interpolated values.
d Reference 37.
¢ Not considering finer details near the M

and only in fair agreement with the relativistic
Hartree-Slater calculation of Bhalla.?®

D. Satellites

The high-energy satellites that accompany the
Ma, and M lines were isolated by fitting Voigt
profiles [ Eq. (7)] to the parent lines. As shown
in Fig. 6, broad satellite bands were obtained
whose intensities are 11(2)% relative to the re-
spective Ma, and MB lines. In analogy to the
results of an analysis of the Zr L spectrum,®
these satellite lines clustering 6—12 eV above
the parent lines are due to x-ray transitions in
double-hole configurations created predominantly
by Coster-Kronig transitions in the M shell.
Radiative transitions in the presence of the prefer-

edge.

ably created M, (N hole states were calculated®®

to have energies 6—10 eV greater than the diagram
lines. By contrast, shakeoff, another process
producing double-hole satellites, creates an ad-
ditional hole mostly in the O, P, and @ shells

with the consequence that the resulting satellites
will coincide with the diagram lines. As detailed
in Tables V and VI, which summarize the relevant
shakeoff probabilities®® and energy shifts, over
20% of the Ma and MB line intensities are due to
shakeoff satellite contributions. An additional
percentage comes from Coster-Kronig generated
M, sN holes in which the N vacancy is transferred
to O or P shells before the radiative decay of the
M, s vacancy.>*** The large number of satellite
lines mixed in with the diagram lines may also
influence the symmetry, the width, and the energy

T T T T T l\r T T T T T
v ' -
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S M, N, ,) M, Ny (B)
o ) N
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T (MN, (0(2) i 2 I | FIG. 6. Ma, and Mg
§ N . R N lines of uranium fitted with
Py ™1\ "~ I \.. T e . a Voigt function resulting
iy : 3 T T - e L B I e i A . .
Q - T ’ | T T ! . B in the separation of the
Q@ [ \ ] \ high-energy satellite bands
N l : i | -4 and the Ma, line shown in
N | \ . ‘\ the insets. Spectrometer
~ , ‘, -~ |- th II 1 —’| = th resolution, which includes
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> r : \'. ! \\'. - widths, is denoted by R, .
H 3 \\, g \ 12-keV electron excitation.
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TABLE V. Energy shifts (eV) of double-hole satellites
relative to their parent M, and Mp Lines of uranium
calculated from relativistic Hartree-Slater total-energy
differences (Ref. 39).

Level of the

second hole o, satellites B satellites
X; MgX; —~Ny X; My X; ~Ng X;
M, 44 .4 45.5
M, 55.4 57.1
My 53.0 54.6
Ny 9.4 9.5
N, 10.0 10.2
N; 7.5 7.5
Ny 8.4 8.6
Ny 7.7 7.9
Ng 7.4 7.2
Ny 6.9 6.6
O, 0.9 0.9
Py 0.0 0.1
Q -0.1 0.0

position of a line and hence may determine, even
in the absence of multiplet splitting, the ultimate
accuracy that can be achieved in a measurement
of the various single-particle properties.

IV. SUMMARY

Energies, natural widths, and relative inten-
sities of the major M x-ray lines of uranium were
measured and the energies of the M,, M, N,,
and N, levels in metallic uranium were obtained.
X-ray energies were determined with higher ac-
curacy in this work than were reported before.
Hartree-Slater predictions of the widths agree
satisfactorily with the experimental results.

TABLE VI. Total and partial shakeoff probabilities for
the sudden removal of an electron from the different M
subshells of uranium calculated with RHS wave functions
(Ref. 39).

Initial Shells

vacancy M N 6] P Q Total
M, 0.011 1.09 6.28 7.55 8.48 234
M, 0.014 1.13 6.32 17.59 849 23.5
M, 0.008 1.03 6.23 7.53 847 23.3
My 0.016 1.21 6.35 7.60 8.48 23.7
My 0.014 1.13 6.32 7.57 8.48 22.4

Branching ratios calculated relativistically show
only fair agreement with the experimental ratios.
Origin and effects of the satellites, especially
those contributing to the diagram lines were
briefly discussed, and calculated shakeoff prob-
abilities for M shell ionization are reported along
with the calculated relative energies of the vari-
ous satellites.

In this work the PAX method has proven to be
of merit at higher x-ray energies than previously
measured. All pertinent parameters of the strong-
er x-ray lines could readily be determined.
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