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The new measurement reported here agrees with
the theoretical value for this interval and is clear-
ly competitive with the other measurements.

It is clear from Table I that the primary limita-
tion in the measurement of the 2°P,,,-2%S, , fine-
structure interval is the systematic error and
not the statistical error. Of the systematic er-
rors the most troublesome is the variation in the
relative phase of the microwave fields in the two
waveguides when the apparatus is taken apart and
reassembled. It is our conclusion from a separate
measurement of the Lamb shift that these syste-
matic errors can be reduced through improve-
ments in the apparatus, the procedure used to take
data, and further theoretical studies of the reso-
nance line shape. This should conservatively
yield an order-of-magnitude increase in the pre-
cision of the determination of this fine-structure
interval to the level of 0.4 ppm. This would pro-
vide a value of the fine-structure constant to 0.2
ppm or, alternatively, with use of o determined
from other sources, a measurement of the Lamb
shift to 4 ppm.
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Monochromatized synchrotron radiation near the photoionization threshold was used

to produce the 2p 5/,

vacancy state in atomic Xe. Deexcitation of the state through

L ;~-M,M4('G,) Auger-electron emission was measured. The 54 spectator-electron
Auger satellite was observed. The satellite energy exhibits linear dispersion as a func-
tion of the photon energy of the exciting radiation. The observed width of the !G diagram
line decreases by ~ 40% at threshold. This radiationless process can thus be construed
as the Auger analog of the x-ray resonant Raman effect.

PACS numbers: 32.80.Hd, 32.70.Fw

The discovery of x-ray resonant Raman scat-
tering'™® suggests the existence of an analogous
radiationless process. In the x-ray resonant
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Raman effect, absorption of a photon 7w, pro-
motes an atomic inner-shell electron to an ex-
cited bound state; the inner-shell vacancy is

1937



VOLUME 45, NUMBER 24

PHYSICAL REVIEW LETTERS

15 DECEMBER 1980

64 L

48|

32+

COUNTS PER SECOND

.
.
L 1

" 1 n 1
80 84 88 92 96 100
RETARDING POTENTIAL (V)

FIG. 1. Xenon L ; photoelectron spectrum, excited
with ~5-keV x rays.

simultaneously filled by another atomic electron
under emission of a characteristic x-ray photon
hw,(<7iw,). Absorption and emission occur in a
single process, described by taking the E A term
in the interaction Hamiltonian to second order in
perturbation theory.® Consequently, the atom
“remembers” how it was excited: The resonantly
emitted x-ray line reflects the width of the ex-
citing radiation, not only the natural lifetime
width I of the inner-shell hole state (just as in
resonance fluorescence?). If excitation is by a
sharp line, then 7w, varies in energy with 7w,
over a range ~I'. This linear dispersion and the
narrowing of the scattered radiation are the

identifying characteristics of the resonant Raman
process.

We have employed synchrotron radiation to
ionize the L, shell of Xe near threshold and have
examined the subsequent L;-M, M, ; Auger
transitions, in search of a resonant Raman effect
in which the atom’s deexcitation occurs through
a radiationless, rather than radiative, transition.
The experiment was performed on a focused x-
ray beam at the Stanford Synchrotron Radiation
Laboratory. A doubly curved gold-coated mirror
situated 11.5 m from the source condensed 2.5
mrad of synchrotron radiation onto the target
gas jet. The radiation was monochromatized by
two germanium crystals arranged in the parallel,
(111) symmetric configuration. The experiment
was performed at 3.1 GeV electron-beam energy
and 60 mA mean current, yielding a photon flux
of ~5x% 10™ photons/sec through a 2X 4-mm?
aperture upstream of the target. The full width
at half maximum (FWHM) of the incident x-ray
spectrum at the Xe L, edge (4786 eV) was ~2.5
eV, mainly due to the vertical angular divergence
of the source.

The target consisted of a gas jet formed by a
glass capillary (0.2 mm i.d.); the jet intersected
the x-ray beam at right angles in the horizontal
plane. The pressure in the interaction region
was calculated to be ~0.1 Torr, yielding a back-
ground pressure in the vessel of 5x 10°* Torr.

The photoelectrons were analyzed by a com-
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FIG. 2. The Xe L 3-M, sM, s Auger spectrum, calculated ab initio with Dirac-Hartree-Slater wave functions, in

intermediate coupling.
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mercial double-pass cylindrical-mirror analyzer
with its symmetry axis in the vertical plane. The
spectrometer energy resolution was ~2.5 eV
FWHM. The stability of the overall system (x-
ray monochromator and electron spectrometer)
was checked frequently by measuring the position
and width of the Xe L, photoelectron peak excited
with ~5-keV x rays (Fig. 1). The photopeak is
5.4 eV wide (FWHM), corresponding to a Voight-
function convolution® of the ~ 3.0-eV-wide 2p,,""
hole-state Lorentzian with the 2.5-eV spectro-
meter transmission function and the 2.5-eV-
wide incident spectrum.

The immediate vicinity of the L,-M M;('G,)
Auger-electron line was scanned. This line
arises from the deexcitation of ~18% of all
2p,,s"* vacancies (Fig. 2). When the Xe atoms
are ionized with photons well (~200 eV) above
the L, binding energy, the measured 'G-line
spectrum has a Lorentzian shape of ~6.1 eV
FWHM, As the incident photon energy is lowered
to and below threshold, the 'G diagram line is
observed to shift to higher energy. Above the
diagram line, a spectator satellite appears (Fig.
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FIG. 3. The Xe L ;~-M,M;(1G,) Auger line, from
atoms excited ~ 200 eV above threshold (top), and
from atoms excited 2.0 eV below threshold (bottom).
In the latter spectrum, the !G diagram line is accom-
panied on the high-energy side by the 5d spectator-
electron satellite. The Lorentzian fits are charac-
terized by x%<1.

3) that persists even after the intensity of the
diagram line has vanished some 5 eV below
threshold.

In Fig. 4(a), the measured Xe L, absorption
edge is analyzed in terms of the 2p ,-electron
transition probability to the continuum and to
unoccupied bound 6s, 5d, 6d, and 7d states.®

Auger energies are plotted in Fig. 4(b) against

T T T T T T T T
(a)
— ABSORPTION
= - EDGE l//\com
v g /
S o /
o m /5d /
+ E //r\\ //
'(‘o e // : \\‘/
— g [ \)/ed
m )'//T\\
S o 2770 N
T g Vi i \\\ 7d
= I TN P EN
————— o 2> 17 B
—~’._’_—+I—” o T R IL‘ }
S i 5d 1
i SPECTATOR
o (b) " *SATECLITE |
> r AUGER ;
@ 3375 ENERGIES ]
9 i i
6d
w [ SATELLITE]
é 3370 |- 3 ¢ i
r 'G DIAGRAM 7
("__) - _LINE 1
LIJ - \\ -
| L 3 ' .
Woszes | ~mmm T T —
| l L Il i
N T 1 T T T
- (c)
WIDTH OF
I 'G DIAGRAM LINE
F EglLy)
6 i T
— ! ]
> . ! :
()] L | 4
. - ! i
5L Ir |
L | 4
4 _
C 1 1 L 1 1 1 n 1 13

‘ 4780 4782 4784 4786 4788 4994
X-RAY ENERGY (eV)

FIG. 4. (a) Measured Xe L ; absorption edge, de-
composed according to Ref. 6. (b) Energies of the
L M, Ms('G,) Auger line and its satellites. Near
threshold, the !G diagram line is shifted by post-col-
lision interaction (PCI). The satellites are shifted
due to screening by 5d and 64 spectator electrons,
respectively; their energies exhibit linear (Raman)
dispersion. (c) Width of the measured 'G diagram-
line spectrum, as a function of excitation energy.

1939



VOLUME 45, NUMBER 24

PHYSICAL REVIEW

LETTERS 15 DECEMBER 1980

incident photon energy. The ~+ 3 eV shift of the
!G diagram line, near threshold, is presumably
due to post-collision interaction (PCI),"*%i.e.,
the influence of the Coulomb field of the slowly
receding photoelectron. (A similar, much smal-
ler shift has been observed in the Xe N, ;-00
Auger spectrum.®) The magnitude of the present
PCI shift is in accord with the predictions of the
Niehaus theory.”:°

The 5d spectator-electron satellite exhibits the
characteristic Raman linear dispersion,? while
the expected dispersion of the diagram line is
masked by the PCI, The 54 satellite is shifted by
9 eV when the atom is excited at the centroid
energy of the 2p; ,— 5d transition. The theoretical
prediction for this shift is 7.2 eV, from a calcu-
lation with our relativistic relaxed-orbital Auger-
energy code.'® In addition to the 5d4 satellite, a
6d spectator-electron satellite is observed in an
Auger spectrum excited at hv=4787.8 eV. It is
reasonable to assume the same dispersion for
the 6d satellite as for the 5d satellite, because
the width of both transition-probability functions
is governed by the L,-hole width. We then de-
duce a 3.5-eV shift of the 64 satellite with respect
to the G diagram line (without PCI) at the cen-
troid of the 2p,,,~ 6d transition probability [ Fig.
4(b)], in agreement with a theoretical shift of
3.3 eV calculated with the relativistic Auger-ener-
gy code.X

The measured width of the G diagram line is
plotted in Fig. 4(c) as a function of exciting pho-
ton energy. The data indicate a narrowing by
~40% of the Auger diagram line when the 2p,,,"*
hole state is excited at threshold. This effect is
analogous to the narrowing below lifetime width
observed in x-ray resonant Raman scattering.?
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The width of the 5d satellite line, by contrast,
remains constant at 5+ 1 eV over the entire exci-
tation-energy range covered by these experiments.
Unresolved multiplet splitting is expected to ac-
count for the broadening of this line.
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