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Observation of angular correlation between subsequently emitted Auger electrons

R. Wehlitz,* L. S. Pibida, J. C. Levin, and I. A. Sellin
Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996-1200

~Received 5 June 1998!

In an exploratory feasibility study we have measured the angular correlation between Auger electrons that
were emitted in a cascadelike decay process after resonant photoexcitation, using synchrotron radiation from
the Brookhaven National Synchrotron Light Source. While the monochromator was tuned to the argon 1s
→4p resonance~3203.5 eV! we recorded ArLMM Auger electrons in coincidence withKL2,3L2,3,KL1L2,3,
andKL2,3M1,2,3 Auger electrons. We found different nonisotropic angular correlations between distinct energy
regions of theLMM group of Auger lines and theKL2,3L2,3 Auger electrons, while for other kinetic energies
the LMM Auger electrons exhibit isotropy. Because theKLL andLMM Auger energies are so different, we
believe that the nonisotropic angular correlation observed is due to an alignment effect rather than a dynamical
postcollision interaction effect.@S1050-2947~99!07801-4#

PACS number~s!: 32.80.Hd
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I. INTRODUCTION

Since the discovery of the Auger process@1#, many ex-
periments were performed to investigate the nonradiative
excitation process of photoexcited atoms and ions@2#. Using
synchrotron radiation, many experiments measured Au
energies, intensities, and line shapes in order to study p
abilities of certain decay paths@3,4# and the so-called post
collision interaction between an Auger electron and a co
sponding photoelectron@5–7#. Often, the direction of
emission of an Auger electron with respect to the quant
tion axis, which can be either the photon-beam direction
the direction of polarization of the photon beam, was a
measured to determine the influence of the ‘‘aligned’’~ex-
cited! atom or ion on the direction of electron emission@8,9#.

Only in a relatively few synchrotron radiation exper
ments was the Auger decay studied in coincidence with
emission of a photoelectron@10,11#, a photon@12–14#, or
another Auger electron@15,11# in order to get more detailed
information about particular Auger processes. The pape
Alkemper et al. @11# reports the decomposition of th
L2,3MM Auger spectrum of K-ionized argon by electron-io
and electron-electron coincidence measurements, but ne
detects the first-step Auger electrons nor do they mea
any angle dependence of their coincidence signal. In
paper we report what we believe to be the firstangle-
resolvedAuger electron–Auger electron coincidence expe
ment following resonant photoexcitation in which the ang
lar correlation between subsequently emitted Auger electr
is studied@16#. For this exploratory feasibility study we hav
chosen a simple atom, namely, argon, that exhibits a dis
guished Auger cascade, i.e., after a first Auger deexcita
the ion remains excited and undergoes another Auger de
Such angular correlations studies proved to be a powe
tool in nuclear physics for determining angular momenta
resonances@17,18#. Here the angular correlation patterns a
expected to be characteristic for particular momenta of
atomic states involved@24# and can help to identify lines.

Specifically, we photoexcited the Ar 1s electron to the
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PRA 591050-2947/99/59~1!/421~6!/$15.00
e-

er
b-

-

-
r

o

e

of

er
re
is

-
-
ns

n-
n

ay.
ul
f

e

empty 4p orbital with a photon energy of 3203.5 eV@19#. In
a simple picture, such an argon ion with aK-shell hole de-
cays mainly~approximately 88%! @20# by filling the K shell
with an L-shell electron giving the energy gained to anoth
L-shell electron, which is then emitted as a so-calledKLL
Auger electron. Because of the twoL-shell holes the Ar ion
decays further, most often emittingLMM Auger electrons.
Although other decay paths are possible@21,4,22#, the one
described above is the most probable and the one we
considering in this paper. This decay process is depic
schematically in Fig. 1. Though we note that the excit
atom can also decay via emitting fluorescent light, this p
cess contributes only approximately 11% to the total de
probability @23# and is not considered here.

The 1s→4p excitation leaves the otherwise isotrop
atom in a state strongly aligned in the direction of polariz
tion of the linearly polarized photon beam. Furthermore,
our experiment we preselect the direction of emission of
first-step (KLL) Auger electron. This introduces an add
tional, symmetry-breaking alignment along another axis. T
total alignment is, in general, a complicated superposition
two alignments, which may result in a nonisotropic angu
correlation between theKLL and LMM Auger electrons
@24#.

II. EXPERIMENTAL METHOD

The experiment was performed at the National Synch
tron Light Source~NSLS! at the Brookhaven National Labo
ratory, using photons from the bending-magnet beam
X-24A during single-bunch mode operation of the stora
ring. The beam line was equipped with a germanium doub
crystal monochrometer providing photons from 2.5 keV
5.4 keV, with a resolution of approximately 1 eV at a 3.
keV photon energy. The degree of linear polarization of
photon beam was known to be higher than 95% in a h
zontal direction@25#, which was consistent with our mea
surement@~9663!%#. Further details of the beam line ar
described elsewhere@26#. A sketch of our experimental setu
is shown in Fig. 2.

The monochromatized and focused photon beam
passed through a 10-mm-thick Be window that separated th
421 ©1999 The American Physical Society
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vacuum of the beam line from the experimental chamb
The position of the photon beam was defined by a vert
and a horizontal slit with widths of 1 mm, respectively, u
stream of the chamber. The photon beam, with its focus n
the center of the experimental chamber, could be monito
and adjusted downstream with either a phosphor scree
eye or a stainless-steel plate by measuring the photoelec
current created.

The main details of the apparatus are as follows. T
experimental chamber consisted of a six-way cross wit
1000-l/s turbo molecular pump and contained a hypoder
needle to inject the gas. The pressure of the residual gas
in the 1026-Pa range, rising to typically 331023 Pa when

FIG. 1. Level diagram of argon showing the most probable A
ger decay path after 1s→4p photoexcitation. In the first step
KL2,3L2,3 Auger electron is emitted, followed in a second and
third step by anLMM Auger electron.

FIG. 2. Experimental setup at beam line X-24A at NSLS e
ploying a time-of-flight~TOF! spectrometer and a cylindrical mirro
analyzer~CMA! in order to take coincidence spectra. This figu
shows the setup for the case in which the CMA’s axis is perp
dicular to the TOF spectrometer’s axis.
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l

ar
d

by
on

e
a
ic
as

the sample gas was admitted. The effusive gas jet interse
the photon beam at the center of the chamber defining
interaction region. The inside of the chamber was lined w
m metal to reduce magnetic fields in the chamber, ther
also reducing the effect on electron trajectories to an acc
ably low value.

Two electron spectrometers were mounted on the ch
ber to determine the kinetic energy and direction of the el
trons created in the interaction region. One spectrometer
an angle-resolving double-pass cylindrical mirror analy
~CMA!. The CMA, equipped with a position-sensitive dete
tor ~PSD! mounted downstream of its energy selection ap
ture, permitted registering not only the energy, but also
azimuthal and polar angles ofKLL andKLM Auger emission
in the interaction region, which is imaged 1 to 1 in the CM
image space, for all azimuthal angles~with respect to the
CMA axis! and a band of polar angles simultaneously. T
CMA’s axis was always aligned perpendicular to the pho
beam, in one experiment parallel and in a second experim
perpendicular to the electric vector of the photon beam. T
CMA accepted electrons emerging from the interaction
gion in a cone with a642.3° opening angle with a width o
63°. Although the angular resolution, which is given by t
spatial resolution of our PSD, is better than63°, we inte-
grated the intensity over this width in the experiment p
sented here. The orientation of the CMA’s axis could
adjusted under vacuum to optimize the intensity and spa
distribution of the PSD signal. All events form a circula
image on the PSD, as is seen in Fig. 3. From the position
such an event within the PSD’s circular image we cou
calculate unambiguously the direction of the electron whe
has left the interaction region by simple formulas@27#. The
events were preamplified and analyzed by a commercial
age particle detector module.

The second spectrometer was an electron time-of-fli
~TOF! spectrometer, which was always mounted perpend
lar to the photon beam and parallel to the direction of
electric vector of the photon beam. In one experiment
CMA was located coaxially with the TOF spectromete
while in a second experiment its axis was oriented perp
dicular to the axis of the TOF~see Fig. 2!. The TOF spec-
trometer has a flight path of 460 mm, an energy resolution

-

-

-

FIG. 3. How the electron’s emission angle is projected onto
CMA’s position-sensitive detector~PSD!. ~a! Sketch of our double-
pass CMA with two electron trajectories passing through
CMA’s apertures before hitting the PSD.~b! Sketch of the PSD’s
image. The detection position is given by the anglec ~see the text
for details!.
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about 2% of the kinetic energy of the electron, and an acc
tance angle of62.6°. While the interaction region was fre
of electric fields, the electrons were accelerated by 5 V or
retarded by 90 V after entering the TOF’s entrance apert
located 28 mm away from the interaction region. The po
tion of the entrance aperture could be adjusted under vac
to optimize the intensity of the TOF spectrum. The flig
path was pumped by a 70-l/s turbo molecular pump to av
inelastic scattering of electrons at the gas in the TOF sp
trometer. The flight path was shielded withm metal from
magnetic fields to reduce transmission losses within
spectrometer. The electrons were detected by two 40-
microchannel plates in a chevron-like mounting and th
flight time was measured with respect to a fast timing sig
~bunch marker! provided by the storage ring. Details of th
electron TOF spectrometer can be found elsewhere@28#.

Energy-selected Auger electrons were collected with
CMA at a variety of angles relative to the axis of the TO
spectrometer, which was employed to take a coincide
spectrum of a group of Auger lines simultaneously. In t
noncoincident mode the timing signal of the storage ring w
used to take TOF spectra, while in the coincident mode
signal of the CMA’s PSD was used in addition to the timi
signal such that electrons were detected by the TOF s
trometer only if another electron was detected before by
PSD.

Our data acquisition program stored all relevant inform
tion in ‘‘list’’ mode @29#. This means that information per
taining to each event, such as flight time and theX and Y
positions on the PSD, is recorded and stored sequentially
that data belonging to particular experimental parameters
later be extracted according to software preferences. We
that our coincidence setup enables us to record the nonc
cident as well as coincident TOF spectra simultaneously;
tails of this coincidence setup are described in Ref.@27#.

III. RESULTS AND DISCUSSION

Figure 4 shows noncoincident Auger spectra of argon
ter resonant 1s→4p photoexcitation athn53203.5 eV. The
most prominent Auger transition isKL2,3L2,3, which was
chosen for measuring the angular correlation between Au
electrons for the sake of sufficient intensity of the coin
dence signal. TheLMM group of Auger lines is shown in
Fig. 4~b! and was taken using the CMA in retardation mo
with a pass energy of 25 eV, showing the complex line str
ture of theLMM Auger group in detail. No detailed assign
ments of the individual resonant Auger lines are available
order to make a tentatively rough assignment of the reso
L2,3MM Auger region we performed a least-squares fit us
the nonresonant, electron-impact excited spectrum of We
et al. @30#. The resulting simulated spectrum is shown a
dotted line in Fig. 4~b!. As was shown in Refs.@4,11#, the
L2,3MM Auger spectrum after 1s ionization consists in a
first approximation of partial spectra that are similar to
electron-impact excited spectrum dominated by theL2,3MM
diagram lines. We have used in total six electron-impact
cited Auger spectra as a fit model for our resonant Au
spectrum, which consists mainly of three groups, in cont
to the corresponding nonresonant Auger spectrum afters
ionization, which consists mainly of five groups@11#. Each
p-
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of the three groups was modeled by two electron-impact
cited spectra@30# with a separation of approximately 3.5 e
respectively. This energy splitting may be due to thep
spectator electron. Comparing our results with the findings
Alkemper et al. @11#, we tentatively assign the high-energ
part of the L2,3MM Auger lines ~215–233 eV! to
L2,3M2,3M2,3 transitions with a spectator hole in theL shell.
The low-energy part~183–196 eV! consists mainly of the
‘‘third-step’’ Auger decay or, in other words, the secon
L2,3M2,3M2,3 transition after the firstL-shell hole was filled
in a previousLMM Auger transition. This decay takes plac
in the presence of two holes in theM shell. The medium-
energy part may consist of several Auger transitions that
not part of the decay cascade that starts with aKL2,3L2,3
transition ~including diagram lines!. However, it also in-
cludes LM1M2,3 transitions taking place after aKL2,3L2,3
transition in the first step.

The coincident spectra were taken with the TOF sp
trometer, which had to be used in low-resolution mode, s
rificing the energy resolution in order to achieve an adequ
coincident count rate, compatible with the flux available
NSLS beam line X-24A. Despite this essential resoluti
compromise, the overall coincident count rate was still o
about 40 mHz in the case of selectingKL2,3L2,3 Auger elec-
trons and we had to collect and add up several coincide
spectra to get an intensity sufficient for data analysis.
also recordedLMM coincidence spectra following th

FIG. 4. Auger spectra of argon after resonant 1s→4p photoex-
citation athn 5 3203.5 eV.~a! KLL andKLM Auger lines taken
with our CMA. ~b! Group ofLMM Auger lines subsequently emit
ted after theKLL Auger electrons taken with the CMA using a pa
energy of 25 eV~solid line!. Some error bars are shown to visualiz
the uncertainty of the intensity. The dotted line is a simulated sp
trum in order to identify the groups of Auger lines as described
the text. This spectrum is displayed on a different intensity scal
avoid overlap with the measured spectrum.
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KL1L2,3 andKL2,3M1,2,3 Auger decays as shown in Fig. 5. I
these cases the count rate was too low to determine an
gular correlation but, nevertheless, differences in the st
ture of the group ofLMM Auger lines due to the selection o
a specific first-step Auger decay can be seen, particul
between theKL2,3L2,3 and the two other coincidence spectr

As mentioned in the Introduction, the resonant 1s→4p
excitation aligns the argon atom along the polarization vec
of the photon beam. However, if the 4p electron does no
participate in the decay process and interacts only wea
with the core electrons, i.e., the so-called strict specta
model is valid@34#, then the emission of aKLL Auger elec-
tron is expected to be isotropic since the 1s hole is isotropic
in spite of the strong alignment. Employing the CMA w
have determined the~noncoincident! angular distribution of
the three groups ofKLL and the two groups ofKLM Auger
electrons on resonance. Indeed we have measured an is
pic angular distribution withb values between20.10 and
0.07 with an error of 0.15, proving that the 4p electron does
not significantly influence the first-step Auger decay. Al
the angular distribution of the totalLMM Auger group was
measured to be almost isotropic withb50.25(30). Because
of the rather big error bar, it is not clear whether the str
spectator model holds, as in the case of Ar 2p→4s excita-
tions @31#, or fails, as in the case for magnesium@32#. The
angular distribution of the three major parts of theLMM
Auger group was determined to be the same within an e
of 0.1 b units. The general term ‘‘spectator model’’ mea
that the decaying inner-shell hole is not filled by the exci
electron but remains in its excited state@8#. An even simpler
model, the so-calledstrict spectator model@33#, assumes tha
the interaction between the spectator electron~here 4p) and
the core electrons is so weak that it can be ignored@34#. The
strict spectator model permits relating the angular distri

FIG. 5. Three coincidence spectra of the ArLMM Auger region
taken with our TOF spectrometer while the CMA’s axis was p
pendicular to the axis of the TOF spectrometer, i.e., the rela
angle between the electron emission directions varies between
and 48°. Lower panel, in coincidence withKL1L2,3 Auger elec-
trons; middle panel, in coincidence withKL2,3M1,2,3 Auger elec-
trons; upper panel, in coincidence withKL2,3L2,3 Auger electrons.
The gray line shows the noncoincident spectrum arbitrarily sca
for comparison. For further analysis this Auger spectrum was
into three energy slices~A, B, and C! as indicated by the vertica
lines.
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tion of the normal Auger lines to that of the resonant Aug
lines. In our case the interaction of the 4p spectator electron
cannot be neglected regarding the intensity distribution
the LMM Auger lines as can be seen by comparing o
resonant Auger spectrum with the corresponding nonre
nant Auger spectra of Refs.@35,11#. The overall Auger line
structure is different; while the nonresonantL2,3MM Auger
spectrum consist of mainly five groups of lines, the reson
spectrum has only three groups of lines at slightly differe
kinetic energies. However, this situation is similar to the
2p→4s case@31#, where the positions and intensities of Au
ger lines are different for the resonant and nonresonant e
tation. Nevertheless, the strict spectator model is still va
regarding the angular distribution of the resonant Auger lin
@31# as it appears to be in our case.

Detecting theKL2,3L2,3 Auger electron incoincidence
with an LMM Auger electron introduces another anisotro
along the direction of emission of the first-step Auger ele
tron to our system. This anisotropy is not connected with a
dynamical effect, such as postcollision interaction, but is
stead a consequence of angular momentum conserva
Since the coincidence data were acquired in list mode
mentioned above, we determined for eachLMM Auger elec-
tron the direction of the correspondingKL2,3L2,3 Auger elec-
tron.

Because of the particular geometry of our experiment~the
LMM Auger electron was always detected along the axis
polarization!, we have axial symmetry along this axis an
hence no possibility of observing forward-backward asy
metry with respect to the photon beam direction. Therefo
the angular distribution of the intensityI of the KLL Auger
electrons measured in coincidence with the subseque
emittedLMM Auger electrons will be axially symmetric an
can be described in general by two parametersb2 and b4
@24#:

I;11b2P2@cos~r!#1b4P4@cos~r!#, ~1!

with r, the angle between the two Auger electrons andP2
andP4 , the second- and fourth-order Legendre polynomia
respectively. The angler can be calculated from the anglec
of the PSD image using the formula

r590°1arctan@cos~c!tan~v!#, ~2!

with v half the opening angle of the CMA’s acceptance co
(42.3°). In the case where the CMA was mounted oppo
the TOF spectrometer, we have only onefixed angler be-
tween the detected Auger electrons, which was 18
242.3°5137.7°. When the axis of the CMA was perpe
dicular to the TOF spectrometer, we collected electrons o
angles r between 90°242.3°547.7° and 90°142.3°
5132.3°. In fact, we integrated over 10° –20° regions of t
PSD image adding the intensity in the forward and cor
sponding backward directions with respect to the pho
beam direction, making use of the axial symmetry as m
tioned above. Each angle slice was corrected with the sp
detection efficiency of the PSD determined with the non
incident Ar KLL signal above the 1s threshold since this
signal is isotropic. This procedure also permits a correct
for the different sizes of angle slices. The false coinciden
were subtracted from the coincidence spectra for each a

-
e
2°

d
t
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slice, normalized with the intensity of theKLL Auger elec-
tron intensity for the same angle slice.

Although it is desirable to investigate individual Aug
lines, we had to integrate the intensity of kinetic-energy
gions because of the low coincidence signal. Therefore,
group of LMM Auger lines was divided into three energ
regions, as discussed above, each of which has suffic
intensity to produce a coincidence spectrum at adequate
tistics. These energy regions are marked by dashed line
Fig. 5. The result of this data analysis is shown in Fig.
While the energy regionA ~as marked in Fig. 5!, which con-
sists mainly of the secondL2,3MMAuger decay in the pres

FIG. 6. Polar plots showing the angular correlation between
Ar KL2,3L2,3 Auger electrons and three different energy regions~as
shown in the upper panel of Fig. 5! of subsequently emittedLMM
Auger electrons. The radius represents the intensity of the partic
LMM Auger region while the angler, as defined in Eq.~2!, rep-
resents the relative emission angle of theKL2,3L2,3 Auger electron
with respect to theLMM Auger electrons detected at 0°. Th
LMM Auger electrons were always detected in the direction of
electric vector of the photon beam at 0°. Upper panel, regionC;
middle panel, regionB; lower panel, regionA. The dotted lines are
curves fitted to the data points.
y
.

-
e

nt
ta-
in
.

ence of a doubleM-shell hole, shows no or only little aniso
tropic angular correlation, regionB, which represents mainly
L2,3M1M2,3 Auger transitions, shows a pronounced anis
ropy. RegionC, consisting ofL2,3M2,3M2,3 Auger transitions
in the presence of anL-shell hole, exhibits a small anisot
ropy. The intensity of regionB is highest when theKL2,3L2,3
Auger electron is ejected at 90° with respect to theLMM
Auger electron. We applied Eq.~1! to the data and found
b2520.7(2) withb4 close to zero. However, it is also pos
sible that there is some unobserved intensity along the di
tion of the electric vector. In contrast, the intensity of regi
C is smallest when theKL2,3L2,3 Auger electron is ejected a
90°. In this case we obtain ab2510.3(2) whenb4 is set to
zero. However, in order to compare calculations with t
experimental results, a higher-energy resolution for
LMM Auger group is desirable.

IV. CONCLUSIONS

In summary, we have demonstrated in this study the c
cade Auger angular correlation technique. We have m
sured the angular correlation between subsequently em
Auger electrons after resonant 1s→4p photoexcitation of
argon. Time-of-flight spectra of theLMM group of Auger
lines were taken in coincidence with the correspond
KL2,3L2,3,KL1L2,3, andKL2,3M1,2,3 Auger electron emitted
at different angles with respect to theLMM Auger electron.
The LMM Auger spectrum taken in coincidence with th
correspondingKL2,3L2,3 Auger electron showed, dependin
on the energy region, an isotropic as well as a nonisotro
angular correlation. We observed for the high-energy p
~215–242 eV! of theLMM Auger group a small and for the
medium energy part~196–215 eV! a pronounced anisotropi
angular correlation, while the lower-energy region~165–196
eV! shows an isotropic angular correlation to theKLL Auger
electron. Interestingly, the anisotropic angular correlations
the medium- and high-energy parts are very different. B
cause of the low-energy resolution, individual Auger lin
could not be examined, but in future experiments with
higher photon flux and better electron energy resolution
might be able to compare experimental results with theo
ical calculations for specific decay paths.
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