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Observation of angular correlation between subsequently emitted Auger electrons
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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 1
—4p resonancg3203.5 eV we recorded ALMM Auger electrons in coincidence wWitliL, 4L, 3,KL;L; 3,
andKL,3M; , 3 Auger electrons. We found different nonisotropic angular correlations between distinct energy
regions of theL MM group of Auger lines and thiL , 4l , 3 Auger electrons, while for other kinetic energies
theLMM Auger electrons exhibit isotropy. Because el 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 effecfS1050-29479)07801-4

PACS numbd(s): 32.80.Hd

[. INTRODUCTION empty 4p orbital with a photon energy of 3203.5 ¥9]. In
a simple picture, such an argon ion withKashell hole de-
Since the discovery of the Auger procddd, many ex- cays mainly(approximately 88%][20] by filling the K shell
periments were performed to investigate the nonradiative dewith anL-shell electron giving the energy gained to another
excitation process of photoexcited atoms and {@sUsing  L-shell electron, which is then emitted as a so-cakdd.
synchrotron radiation, many experiments measured Augefuger electron. Because of the tieshell holes the Ar ion
energies, intensities, and line shapes in order to study prolsiecays further, most often emittiigM M Auger electrons.
abilities of certain decay path8,4] and the so-called post- Although other decay paths are possif#d,4,23, the one
collision interaction between an Auger electron and a corredescribed above is the most probable and the one we are
sponding photoelectror{5-7]. Often, the direction of considering in this paper. This decay process is depicted
emission of an Auger electron with respect to the quantizaschematically in Fig. 1. Though we note that the excited
tion axis, which can be either the photon-beam direction oatom can also decay via emitting fluorescent light, this pro-
the direction of polarization of the photon beam, was alsccess contributes only approximately 11% to the total decay
measured to determine the influence of the “aligne@x-  probability [23] and is not considered here.
cited) atom or ion on the direction of electron emiss[@;9]. The 1s—4p excitation leaves the otherwise isotropic
Only in a relatively few synchrotron radiation experi- atom in a state strongly aligned in the direction of polariza-
ments was the Auger decay studied in coincidence with th&on of the linearly polarized photon beam. Furthermore, in
emission of a photoelectrofil0,11], a photon[12—14, or  our experiment we preselect the direction of emission of the
another Auger electrofl5,11] in order to get more detailed first-step KLL) Auger electron. This introduces an addi-
information about particular Auger processes. The paper ofional, symmetry-breaking alignment along another axis. The
Alkemper et al. [11] reports the decomposition of the total alignmentis, in general, a complicated superposition of
L,3MM Auger spectrum of K-ionized argon by electron-ion two alignments, which may result in a nonisotropic angular
and electron-electron coincidence measurements, but neithegrrelation between thé&LL and LMM Auger electrons
detects the first-step Auger electrons nor do they measul@4l.
any angle dependence of their coincidence signal. In this
paper we report what we believe to be the fiesigle-
resolvedAuger electron—Auger electron coincidence experi-
ment following resonant photoexcitation in which the angu- The experiment was performed at the National Synchro-
lar correlation between subsequently emitted Auger electronson Light SourcgNSLS) at the Brookhaven National Labo-
is studied 16]. For this exploratory feasibility study we have ratory, using photons from the bending-magnet beam line
chosen a simple atom, namely, argon, that exhibits a distinX-24A during single-bunch mode operation of the storage
guished Auger cascade, i.e., after a first Auger deexcitatioring. The beam line was equipped with a germanium double-
the ion remains excited and undergoes another Auger decagrystal monochrometer providing photons from 2.5 keV to
Such angular correlations studies proved to be a powerfud.4 keV, with a resolution of approximately 1 eV at a 3.2-
tool in nuclear physics for determining angular momenta ofkeV photon energy. The degree of linear polarization of the
resonancefl7,18. Here the angular correlation patterns arephoton beam was known to be higher than 95% in a hori-
expected to be characteristic for particular momenta of theontal direction[25], which was consistent with our mea-
atomic states involvef24] and can help to identify lines.  surement[ (96 3)%]. Further details of the beam line are
Specifically, we photoexcited the Arslelectron to the described elsewhef@6]. A sketch of our experimental setup
is shown in Fig. 2.
The monochromatized and focused photon beam first
*Electronic address: wehlitz@utkux.utcc.utk.edu passed through a 1fdm-thick Be window that separated the

II. EXPERIMENTAL METHOD
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FIG. 3. How the electron’s emission angle is projected onto the
CMA'’s position-sensitive detect¢PSD). (a) Sketch of our double-
pass CMA with two electron trajectories passing through the
CMA's apertures before hitting the PSIh) Sketch of the PSD’s
image. The detection position is given by the anglésee the text

3s3p%4p for details.
the sample gas was admitted. The effusive gas jet intersected
3p® the photon beam at the center of the chamber defining the
3p* interaction region. The inside of the chamber was lined with

u metal to reduce magnetic fields in the chamber, thereby
also reducing the effect on electron trajectories to an accept-
ably low value.
Ar Art Ar At Two electron spectrometers were mounted on the cham-
FIG. 1. Level diagram of argon showing the mast probable ay.Rer to determine the kinetic energy and direction of the elec-
ger decay path afterst-4p photoexcitation. In the first step a trons created In'the Interaction reg'o.”' O.ne spgctrometerwas
KL, 4,3 Auger electron is emitted, followed in a second and adn angle-resolving do_'“'ble'pa_ss Cyllnd_r_lcal mirror analyzer
third step by arLMM Auger electron. (CMA). The CMA, equipped with a position-sensitive detec-
tor (PSD mounted downstream of its energy selection aper-
vacuum of the beam line from the experimental chambertUre: permitted registering not only the energy, bUt. a[so the
The position of the photon beam was defined by a verticaj"‘z'mm,hal anq polar ‘?‘”9'63 KLL andKLM Auger emission
and a horizontal slit with widths of 1 mm, respectively, up- In the interaction reg|on,_wh|ch IS |mage_d 1to 1in the CMA
stream of the chamber. The photon beam, with its focus ne age space, for all azimuthal angl(amth respect to the
the center of the experimental chamber, could be monitore MA, aX|s) and a band of .polar angles symultaneously. The
and adjusted downstream with either a phosphor screen MA S axis was alvyays aligned perpe.nd|cular to the phpton
eye or a stainless-steel plate by measuring the photoelectr am, in one experiment parallel and in a second experiment
current created. perpendicular to the electric vector of the phot_on bea_m. The
The main details of the apparatus are as follows. TheC.MA. accepted glectrons ﬁmerg”.‘g from the. mteraptmn re-
experimental chamber consisted of a six-way cross with &'01 In & cone with at42.3° opening angle with a width of
1000-I/s turbo molecular pump and contained a hypodermic- 3 - Although the angular resolution, which IS given by the
needle to inject the gas. The pressure of the residual gas waBatial resolution of our PSD, is better thar8°, we inte-

in the 10°%-Pa range, rising to typically 810~3 Pa when grated the intensity over this width in the’equriment pre-
sented here. The orientation of the CMA'’s axis could be

adjusted under vacuum to optimize the intensity and spatial
distribution of the PSD signal. All events form a circular
image on the PSD, as is seen in Fig. 3. From the position of
such an event within the PSD’s circular image we could
calculate unambiguously the direction of the electron when it
has left the interaction region by simple formul[&¥]. The
events were preamplified and analyzed by a commercial im-
age particle detector module.

The second spectrometer was an electron time-of-flight
(TOF) spectrometer, which was always mounted perpendicu-
lar to the photon beam and parallel to the direction of the

FIG. 2. Experimental setup at beam line X-24A at NSLS em-€lectric vector of the photon beam. In one experiment the
ploying a time-of-flight TOF) spectrometer and a cylindrical mirror CMA was located coaxially with the TOF spectrometer,
analyzer(CMA) in order to take coincidence spectra. This figure While in a second experiment its axis was oriented perpen-
shows the setup for the case in which the CMA’s axis is perpendicular to the axis of the TOFsee Fig. 2 The TOF spec-
dicular to the TOF spectrometer’s axis. trometer has a flight path of 460 mm, an energy resolution of

3p5

[Ne]3s23p®
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about 2% of the kinetic energy of the electron, and an accep- 4000
tance angle oft2.6°. While the interaction region was free -

of electric fields, the electrons were acceleratgdsbV or 3000 <O>
retarded by 90 V after entering the TOF’s entrance aperture,
located 28 mm away from the interaction region. The posi-

Intensity (arb. units)

tion of the entrance aperture could be adjusted under vacuum 2000 ]
to optimize the intensity of the TOF spectrum. The flight KLysMy 2,3
path was pumped by a 70-I/s turbo molecular pump to avoid 1000 KUiM 15 .
inelastic scattering of electrons at the gas in the TOF spec- ,//\
trometer. The flight path was shielded with metal from o b A Nl
2400 2600 2800 3000

magnetic fields to reduce transmission losses within the
spectrometer. The electrons were detected by two 40-mm
microchannel plates in a chevron-like mounting and their
flight time was measured with respect to a fast timing signal
(bunch marker provided by the storage ring. Details of the
electron TOF spectrometer can be found elsewh28g
Energy-selected Auger electrons were collected with the
CMA at a variety of angles relative to the axis of the TOF
spectrometer, which was employed to take a coincidence
spectrum of a group of Auger lines simultaneously. In the
noncoincident mode the timing signal of the storage ring was
used to take TOF spectra, while in the coincident mode the oML . N B
signal of the CMA’s PSD was used in addition to the timing 150 200 250
signal such that electrons were detected by the TOF spec- ' Kinetic energy (eV)
trometer only if another electron was detected before by the
PSD. . F'IG. 4. Auger spectra of argon after resonaa%émp. photoex-
Our data acquisition program stored all relevant informa—c'.tatlon athy = 3203.5 eV.(a) KLL and K.LM Auger lines taker)
tion in “list” mode [29]. This means that information per- with our CMA. (b) Group ofLMM Auger I|_nes SUbsequer.'ﬂy emit-
taining to each event, such as flight time and ¥aand Y ted after theKLL Auger electrons taken with the CMA using a pass

. he PSD i ded and d iall energy of 25 e\(solid line). Some error bars are shown to visualize
positions on the IS recorded and stored sequentially, SHe uncertainty of the intensity. The dotted line is a simulated spec-

that data belonging to pa_rticular experimental parameters Caim in order to identify the groups of Auger lines as described in
later be extracted according to software preferences. We no{ge text. This spectrum is displayed on a different intensity scale to
that our coincidence setup enables us to record the noncoiRygid overlap with the measured spectrum.
cident as well as coincident TOF spectra simultaneously; de-
tails of this coincidence setup are described in R27]. of the three groups was modeled by two electron-impact ex-
cited spectrd30] with a separation of approximately 3.5 eV
respectively. This energy splitting may be due to the 4
spectator electron. Comparing our results with the findings of
Figure 4 shows noncoincident Auger spectra of argon afAlkemperet al. [11], we tentatively assign the high-energy
ter resonant §— 4p photoexcitation ahy=3203.5 eV. The part of the L,;MM Auger lines (215-233 eV to
most prominent Auger transition KL, 4,3, which was L, 3M;3M; 3 transitions with a spectator hole in theshell.
chosen for measuring the angular correlation between Augerhe low-energy parf183—196 eV consists mainly of the
electrons for the sake of sufficient intensity of the coinci-“third-step” Auger decay or, in other words, the second
dence signal. Th& MM group of Auger lines is shown in L, 3M; M, 5 transition after the first.-shell hole was filled
Fig. 4b) and was taken using the CMA in retardation modein a previousLMM Auger transition. This decay takes place
with a pass energy of 25 eV, showing the complex line strucin the presence of two holes in th shell. The medium-
ture of theLMM Auger group in detail. No detailed assign- energy part may consist of several Auger transitions that are
ments of the individual resonant Auger lines are available. Imot part of the decay cascade that starts witKlay 3l , 3
order to make a tentatively rough assignment of the resonaittansition (including diagram lines However, it also in-
L, MM Auger region we performed a least-squares fit usingcludes LM; M, 5 transitions taking place after KL, 3l ;3
the nonresonant, electron-impact excited spectrum of Wermeansition in the first step.
et al. [30]. The resulting simulated spectrum is shown as a The coincident spectra were taken with the TOF spec-
dotted line in Fig. 4b). As was shown in Refd4,11], the trometer, which had to be used in low-resolution mode, sac-
L,sMM Auger spectrum after d ionization consists in a rificing the energy resolution in order to achieve an adequate
first approximation of partial spectra that are similar to ancoincident count rate, compatible with the flux available on
electron-impact excited spectrum dominated bylthgM M NSLS beam line X-24A. Despite this essential resolution
diagram lines. We have used in total six electron-impact execompromise, the overall coincident count rate was still only
cited Auger spectra as a fit model for our resonant Augerabout 40 mHz in the case of selectid , 4, 3 Auger elec-
spectrum, which consists mainly of three groups, in contrastrons and we had to collect and add up several coincidence
to the corresponding nonresonant Auger spectrum aféer 1spectra to get an intensity sufficient for data analysis. We
ionization, which consists mainly of five group$l]. Each also recordedLMM coincidence spectra following the
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L A e T tion of the normal Auger lines to that of the resonant Auger
] lines. In our case the interaction of thp 4pectator electron
] cannot be neglected regarding the intensity distribution of
. the LMM Auger lines as can be seen by comparing our
. s N ] resonant Auger spectrum with the corresponding nonreso-
L v ] nant Auger spectra of Ref§35,11]. The overall Auger line
AN ] structure is different; while the nonresonart;MM Auger
i —— A spectrum consist of mainly five groups of lines, the resonant
201_ MM ] spectrum has only three groups of lines at slightly different
Z ] kinetic energies. However, this situation is similar to the Ar
0 LI H——— P 2p—4s casd 31], where the positions and intensities of Au-
] ger lines are different for the resonant and nonresonant exci-
0 WPt L L] tation. Nevertheless, the strict spectator model is still valid
o200 250 regarding the angular distribution of the resonant Auger lines
Kinetic energy (eV) [31] as it appears to be in our case.

FIG. 5. Three coincidence spectra of thelAi M Auger region Detecting theKL, 4,3 Auger electron incoincidence
taken with our TOF spectrometer while the CMA’s axis was per-With anLMM Auger electron introduces another anisotropy
pendicular to the axis of the TOF spectrometer, i.e., the relativélong the direction of emission of the first-step Auger elec-
angle between the electron emission directions varies between 132r0n to our system. This anisotropy is not connected with any
and 48°. Lower panel, in coincidence witklL L, 5 Auger elec- dynamical effect, such as postcollision interaction, but is in-
trons; middle panel, in coincidence withL, M, , 5 Auger elec- stead a consequence of angular momentum conservation.
trons; upper panel, in coincidence wiktlL, sl , ; Auger electrons.  Since the coincidence data were acquired in list mode, as
The gray line shows the noncoincident spectrum arbitrarily scalednentioned above, we determined for ead¥t M Auger elec-
for comparison. For further analysis this Auger spectrum was cutron the direction of the correspondiifg-, 4L, 3 Auger elec-
into three energy slicefA, B, and C) as indicated by the vertical tron.
lines. Because of the particular geometry of our experin{ém

LMM Auger electron was always detected along the axis of
KL;L,3andKL,3M 4, 3Auger decays as shown in Fig. 5. In polarization, we have axial symmetry along this axis and
these cases the count rate was too low to determine an ahence no possibility of observing forward-backward asym-
gular correlation but, nevertheless, differences in the strucmetry with respect to the photon beam direction. Therefore,
ture of the group of MM Auger lines due to the selection of the angular distribution of the intensityof the KLL Auger
a specific first-step Auger decay can be seen, particularlglectrons measured in coincidence with the subsequently
between th&L, 4L, 3 and the two other coincidence spectra. emittedL MM Auger electrons will be axially symmetric and

As mentioned in the Introduction, the resonamt—34p  can be described in general by two paramej@ssand 8,
excitation aligns the argon atom along the polarization vectof24:
of the photon beam. However, if thep4electron does not
participate in the decay process and interacts only weakly I~1+ B2Polcod p) ]+ B4P4[cogp) ], @

with the core electrons, i.e., the so-called strict spectator .
. . ’ C A I &hd
model is valid[34], then the emission of KLL Auger elec- with p, the angle between the two Auger electrons

tron is expected to be isotropic since theHole is isotropic andP,, the second- and fourth-order Legendre polynomials,
in spite of the strong alignment. Employing the CMA we respectively. The angle can be calculated from the angle

have determined théhoncoincident angular distribution of of the PSD image using the formula

the three groups dLL and the two groups dkLM Auger p=90°+arctaficos ¢)tan )], 2)
electrons on resonance. Indeed we have measured an isotro-

pic angular distribution with3 values betweerr-0.10 and  with w half the opening angle of the CMA'’s acceptance cone
0.07 with an error of 0.15, proving that thep&lectron does (42.3°). In the case where the CMA was mounted opposite
not significantly influence the first-step Auger decay. Alsothe TOF spectrometer, we have only direed anglep be-

the angular distribution of the totaIMM Auger group was tween the detected Auger electrons, which was 180°
measured to be almost isotropic with=0.25(30). Because —42.3°=137.7°. When the axis of the CMA was perpen-
of the rather big error bar, it is not clear whether the strictdicular to the TOF spectrometer, we collected electrons of all
spectator model holds, as in the case of Ay—24s excita- angles p between 90%-42.3°=47.7° and 90%42.3°
tions [31], or fails, as in the case for magnesiiB2]. The  =132.3°. In fact, we integrated over 10°—20° regions of the
angular distribution of the three major parts of th& M PSD image adding the intensity in the forward and corre-
Auger group was determined to be the same within an errosponding backward directions with respect to the photon
of 0.1 B units. The general term “spectator model” meansbeam direction, making use of the axial symmetry as men-
that the decaying inner-shell hole is not filled by the excitedtioned above. Each angle slice was corrected with the spatial
electron but remains in its excited st&8. An even simpler detection efficiency of the PSD determined with the nonco-
model, the so-callesitrict spectator modd33], assumes that incident Ar KLL signal above the 4 threshold since this
the interaction between the spectator eleciffoere 4) and  signal is isotropic. This procedure also permits a correction
the core electrons is so weak that it can be ign¢B2d. The for the different sizes of angle slices. The false coincidences
strict spectator model permits relating the angular distribuwere subtracted from the coincidence spectra for each angle

w
(&)
L e e e e e

=)

Intensity (arb. units)
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ence of a doubl®-shell hole, shows no or only little aniso-
tropic angular correlation, regidd, which represents mainly
L, MM, 3 Auger transitions, shows a pronounced anisot-
ropy. RegionC, consisting ofl, 3M;, 3M, 3 Auger transitions

in the presence of ah-shell hole, exhibits a small anisot-
ropy. The intensity of regioB is highest when th&L, 4 ;3
Auger electron is ejected at 90° with respect to tHd M
Auger electron. We applied Eql) to the data and found
B>,=—0.7(2) with B8, close to zero. However, it is also pos-
sible that there is some unobserved intensity along the direc-
tion of the electric vector. In contrast, the intensity of region
C is smallest when th&L, 4 , ; Auger electron is ejected at
90°. In this case we obtaingy,= +0.3(2) wheng, is set to
zero. However, in order to compare calculations with the
experimental results, a higher-energy resolution for the
LMM Auger group is desirable.

IV. CONCLUSIONS

In summary, we have demonstrated in this study the cas-
cade Auger angular correlation technique. We have mea-
sured the angular correlation between subsequently emitted
Auger electrons after resonans-t4p photoexcitation of
argon. Time-of-flight spectra of theMM group of Auger
lines were taken in coincidence with the corresponding
KL, 4 53,KL;1L, 3, andKL;, gM ; 3 Auger electron emitted
at different angles with respect to thé1M Auger electron.
The LMM Auger spectrum taken in coincidence with the

FIG. 6. Polar plots showing the angular correlation between thecorrespondingKL, 3L, 3 Auger electron showed, depending
Ar KL, 3L, 3 Auger electrons and three different energy regi@s  on the energy region, an isotropic as well as a nonisotropic
shown in the upper panel of Fig) 6f subsequently emittedMM  angular correlation. We observed for the high-energy part
Auger electrons. The radius represents the intensity of the particulg15-242 eV of the LMM Auger group a small and for the
LMM Auger region while the anglp, as defined in Eq(2), rep-  medium energy parftL96—215 eV a pronounced anisotropic
resents the relative emission angle of K]EZ,3L2,3 Augel’ electron angular CorrelauO”, while the |Ower_energy reg(dﬁS_lgﬁ
with respect to theL MM Auger electrons dt_atected_at Q°. The eV) shows an isotropic angular correlation to tieL Auger
LMM Auger electrons were always detected in the direction of they|eciron. Interestingly, the anisotropic angular correlations of
electric vector of the photon beam at 0°. Upper panel, re@ipn the medium- and high-energy parts are very different. Be-
middle p_anel, regior; Iower_ panel, regiorh. The dotted lines are cause of the low-energy resolution, individual Auger lines
curves fitted to the data points. could not be examined, but in future experiments with a
higher photon flux and better electron energy resolution one
might be able to compare experimental results with theoret-
ical calculations for specific decay paths.

slice, normalized with the intensity of tHeLL Auger elec-
tron intensity for the same angle slice.

Although it is desirable to investigate individual Auger
lines, we had to integrate the intensity of kinetic-energy re-
gions because of the low coincidence signal. Therefore, the
group of LMM Auger lines was divided into three energy ~ The authors wish to thank the staff of the NSLS, particu-
regions, as discussed above, each of which has sufficiedrly B. A. Karlin, for their excellent support. We are also
intensity to produce a coincidence spectrum at adequate stthankful to Professor N. M. Kabachnik for many fruitful dis-
tistics. These energy regions are marked by dashed lines tussions. This work was supported by the National Science
Fig. 5. The result of this data analysis is shown in Fig. 6.Foundation and the U.S. Department of Energy. R.W. grate-
While the energy regioA (as marked in Fig. b which con-  fully acknowledges the A. v. Humboldt Foundation for fi-
sists mainly of the second, ;MM Auger decay in the pres- nancial support.
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