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Magnetic Dichroism in the Angular Distribution of Atomic Oxygen 2p Photoelectrons

O. Plotzke,1 G. Prümper,1 B. Zimmermann,1 U. Becker,1 and H. Kleinpoppen2
1Fritz-Haber-Institut der Max-Planck-Gesellschaft, D-14195 Berlin, Germany

2Atomic Physics Laboratory, University of Stirling, Stirling FK9 4LA, Scotland
(Received 21 May 1996)

A substantial difference in the angular distributions of2p photoelectrons from polarized oxygen
atoms was found for two antiparallel atomic polarizations. This magnetic dichroism was studied as a
function of photon energy from 25 to 52 eV. Our method extends traditional photoelectron angular
distribution measurements of open shell atoms to “complete” experiments in similar to spin-resolved
measurements. The observed dichroism allows a determination of the dipole matrix elements for the
es anded photoelectrons and their phase difference including the sign. [S0031-9007(96)01267-7]
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Photoionization and atomic collision processes can
completely described quantum mechanically by a limi
number of amplitudes and their phase differences and
the experiment from which the relevant amplitudes a
phases can be extracted has been referred to as a“com-
plete” experiment [1,2]. This possibility was first rea
ized in the early electron-atom collision experiments
Eminyan et al. [3] and Standage and Kleinpoppen [4
The first complete experiment in photoionization of ato
in the dipole approximation was reported by Heinzma
and co-workers [5,6], who measured the angular distr
tion and the spin polarization of photoelectrons for Xe5p
photoionization. The complete information in the lat
experiment is obtained from the spin polarization of
photoelectron (providing up to three further parameter
the photoionization process besides the cross section
angular distribution). The first experiment of this kin
was followed by a series of further studies with a m
emphasis on rare gas atoms. A complementary me
for complete atomic photoionization experiments empl
the polarization of the target atoms. The sensitivity
this method to additional photoionization parameters
pends on the target preparation instead of the detec
sensitivity to spin polarization. We refer for this class
experiments to the work of Klar and Kleinpoppen co
cerning the complete analysis of the relevant amplitu
and phases [7]. Successful experiments using polar
targets have first been reported [8–11] using laser ex
tion for the preparation of the initial state. However, the
experiments focused predominantly on resonant p
toionization processes where the information on ma
elements and phases is largely reduced. An alterna
approach to such a complete analysis of nonresonant
toionization has been reported by Hausmannet al. [12]
and Becker [13]; in their photoionization experiments
atomic magnesium and argon the angular distribution
the photoelectrons and Auger electrons provide the an
lar distribution asymmetry parameterb and the alignmen
parameterA20. These quantities together with the part
photoionization cross sections make it possible to de
rive matrix elements for continuums andd electrons and
0031-9007y96y77(13)y2642(4)$10.00
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the cosine of their relative phase. Related experime
employ the polarization of the fluorescence radiation
stead of the angular distribution of the Auger electro
[14]. A new type of complete photoionization exper
ments of this kind has only recently been reported ba
upon a coincidence analysis of photoelectrons and flou
cence photons from the decay of exited2P3y2-state ions
[15,16]. Using a combination of linearly and circularl
polarized synchrotron radiation for the ionization provid
relative s- and d-wave amplitudes and their phase diffe
ences (including the sign) [17].

The theoretical model in which the latter experimen
may be regarded as complete is the validity ofLS cou-
pling which is a good approximation in the case of ph
toionization of light atoms. The necessity of subsequ
Auger or flourescence decay, however, limits these me
ods to inner-shell photoionization. Considering such st
ies for the valence shell, target polarization is, besides s
polarization measurement, the only possible method to
tain additional information on the photoionization proce
beyonds andb.

In this Letter we report on measurements of the angu
distribution of photoelectrons from the reaction Os2p4d 3
3P2 1 hn ! O1s2p3d4S3y2 1 e2 by using J-polarized
oxygen atoms and linearly polarized synchrotron rad
tion. The intensity difference between photoelectro
emitted from antiparallel polarized atoms is known
magnetic dichroism. Figure 1 shows the scheme of
apparatus applied. A 27 MHz discharge tube [18] h
been used to dissociate the molecular oxygen into
atomic component of about 30% efficiency, yieldin
approximately1017 atomsys. After appropriate collima-
tion, an atomic beam of oxygen atoms passes a hexa
magnet which focuses [19] the atoms with positi
magnetic quantum numbersMJ while those with negative
MJ are defocused. The hexapole magnet (pole-tip fi
strength 1.0 T, length 105 mm, diameter 14 mm) cons
of 24 different parts to minimize fringe-field losses. Th
atoms leaving the strong field of the hexapole magnet
proach adiabatically the weak field region. The vacuu
chamber contains two concentric Mu-metal cylinders
© 1996 The American Physical Society
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FIG. 1. Schematic of the experiment including the atom
source, a collimator, the hexapole magnet, the rotatable ele
spectrometer, a Rabi magnet, mass spectrometer, the inco
synchrotron radiation from BESSY TGM6, and the magne
coil pair for the guiding field.

order to shield the magnetic earth field of44 mT. The
remaining magnetic field of1 mT is further compensate
(,0.1 mT) by three orthogonal pairs of coils (not draw
in Fig. 1). In order to define the orientation of the atom
polarization and to have sufficient polarization of t
atoms at the crossing point of the atomic beam with
ionizing synchrotron radiation, a guiding magnetic fie
of 2 mT is required, which is small enough to avo
a serious influence on the electron spectrometer.
influence was measured using unpolarized targets like
Ne, or O2. This field parallel to the synchrotron bea
axis is provided by a further pair of magnetic coils.
rotatable electrostatic hemispherical electron spectrom
is used for the detection of the photoelectrons; its m
radius is 50 mm and its mean energy resolution at 10
pass energy was measured to 150 meV. This value is
timized for the energy sharpness of about 150 meV of
synchrotron radiation applied for the nonresonant m
surements (undulator beam line U1-TGM6 at BESS
The undulator gap was adjusted to give maximum fl
(1014 1012 photonys) at each particular photon ener
and a high degree of linear polarization (typical undula
gaps 35 to 50 mm). The degree of linear polarizat
was determined toP1  0.99 6 0.01 by analyzing the
He 1s photoelectron angular distribution. Following
construction of the polarized atomic beam apparatu
Stirling University [19], a new Rabi magnet has been
veloped to monitor the polarization of the atomic beam
studying the components of the Stern-Gerlach splitt
The relative intensitiesgMJ

of these components hav
been analyzed for atomic oxygen by a numerical Mo
Carlo simulation of the thermal beam which reprodu
the Stern-Gerlach profiles:MJ  22, 21, 0, 1, 2, 3%,
7%, 13%, 24%, 53%, respectively. Photoionization of
s and p shells has been studied at five angular positi
of the electron spectrometer, namely, 0±, 40±, 225±, 270±,
and 315±:
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Os1s22s22p4d3P2 1 hn ! O1s1s22s12p4d4P2 1 e2,
(1)

Os1s22s22p4d3P2 1 hn ! O1s1s22s22p3d4S3y2 1 e2.
(2)

The guiding magnetic fields$B for the polarization di-
rection of the atoms were parallel$B "" $k or antiparallel
$B #" $k to the propagation vector$k of the incoming light.
To avoid long term effects, the two photoelectron sp
tra where taken almost simultaneously, by inverting
magnetic field every second. The angular distribution
the photoelectron count rate in the detector plane of Fi
can be parametrized as follows (for a linear polarizat
P1 # 1 of the synchrotron radiation):

I6sQd  CI
ds6

dV
sQd

 CI
s

4p

∑
c1

µ
1 1

b

4
f1 1 3P1 coss2Qdg

∂
6 c2b0P1 sins2Qd

∏
with c1 

3
2

g2 1
3
4

g1 1
1
2

g0 1
3
4

g21 1
3
2

g22

ø 1.14

andc2  g2 1
1
2

g1 2
1
2

g21 2 g22 ø 0.585 . (3)

All nondipole contributions are neglected, because t
either vanish in the detector plane or are smaller
several orders of magnitude [20]. The factorCI includes
the target density, reaction volume, detection efficen
light intensity, etc. The factorsc1 andc2 depend on the
MJ -population numbers mentioned above. The posi
sign of the last term refers to the case$B "" $k, the negative
one to $B #" $k. This enables us to measureb andb0 in the
photon energy range from about 25 to 52 eV. The sum
both count ratesI1sQd and I2sQd gives the commonb
distribution for unpolarized targets. The productCIs can
be fitted by the angular distribution of the sum of the
for given b. b is determined from measurements w
unpolarized atoms and was found to be compatible w
our distribution. The count rate difference is

I1sQd 2 I2sQd  CI
s

4p
c2b0P1 sins2Qd , (4)

which determines theb0 parameter with the knowledg
of CIs andP1. Alternatively b0 can be calculated from
the dichroism measured at the quasimagical angleQmag

without usingCIs or b:
I1sQmagd 2 I2sQmagd
I1sQmagd 1 I2sQmagd


c2

2c1
P1b0 sins2Qmagd

with Qmag 
1
2

cos21

µ
2

1
3P1

∂
. (5)

Figure 2 shows an example of the distinct “linear ma
2643
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FIG. 2. Magnetic dichroism in the angular distribution for t
2p photoionization of atomic oxygen for different photoele
tron detection anglesQ and a photon energyhn  30.5 eV.
The spectra depicted by solid lines are for$B "" $k (magnetic
guiding field parallel to the propagation vector of the sy
chrotron radiation) while the dashed lines show the antipara
case$B #" $k.

netic dichroism” in the angular distribution of the ph
toionization of a2p electron of atomic oxygen [reactio
(2)]. Contrary to this in the angular photoelectron dis
bution of reaction (1) no such dichroism was experim
tally observed, which is expected since only relativis
effects cause dichroism fors electrons. The same is tru
for atomic hydrogen, which was produced in the sa
source. With the nozzle cooled to 100 K the hydrog
atoms follow the same trajectories as oxygen atoms w
room temperature velocity distribution.

In order to interpret the data for the photoelectro
of the reaction Os2p4d3P2 1 hn ! O1s2p3d4S3y2 1 e2

we describe the angular distribution of this open sh
atom in LS coupling. Neglecting relativistic effects th
measurements of the parametersb and b0 can be used
to determine the ratiog  RdyRs of the two radial
components of the matrix elements for the2p electron
photoionized intoes and ed continuum states and th
difference in asymptotic phase shiftsD  Dd 2 Ds of
these states. The following equations for transforma
between (b, b0 ) and (g, D) can be used:

bO 2p 4 S3y2 
gf2g 1 4 cossDdg

1 1 2g2
(6)

b
0
O 2p 4 S3y2

 2
3g sinsDd
1 1 2g2 . (7)

Similar equations hold for the final ionic states2D
and 2P. Possible contributions from the excited fin
structure states3P1 and 3P0 (gas temperature 300 K
were not resolved. They affect the factorsc1 and c2

only weakly, so the determination ofg andD is possible
without knowing the exact population numbers of the fin
structure multiplet.

The results of the transformationsb, b0 d ! sg, Dd are
shown in Fig. 3, along with theoretical calculations us
the Cowan code [21]. The transformation to absol
amplitudes by
2644
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FIG. 3. Angular distribution parametersb and b0, the dif-
ference in asymptotic phase shift and the partial wave am
tudes. The dotted curves are the theoretical result using
Cowan code [21], the dash-dotted curves represent theore
results from Ref. [29], and theb values below 25 eV are from
Ref. [27]. The solid line represents the quantum defect diff
ence of the twons and nd Rydberg series which converge t
the 4S threshold.

s 
4p2a

3
hn

R2
s 1 2R2

d

3
(8)

(s in units of a2
0, hn in Ry, andRs andRd in a.u.) was

made using an exponential fit through the absolute2p 4S
cross section data from [22] involving a systematic er
of 10%. Asb andb0 are independent quantities, it is n
possible to calculate one from the other. However, the
sult of the transformationsb, b0 d ! sg, Dd is not unique,
as generally the curves of constantb andb0 meet in two
points. Even though the number of independent meas
ments equals the number of free parameters one b
information is still missing. Far from threshold thed am-
plitude is expected to exceed thesamplitude, and therefore
one of the solutions can be ignored. In this case (D ø
270±) the large error bar ofb0 only affects the error bar o
g. While the ratio of the radial dipole integrals is almo
constant forhn from 25 to 52 eV, the total difference i
the asymptotic phase shiftsD changes more than 30± in this
regime. This is mainly due to the difference in Coulom
phase shifts for the two different angular momenta. If
Coulomb phase shift between thed and s wave is sub-
tracted fromD, the intrinsic phase shift agrees well wit
the extrapolation of the quantum defect function below
ionization threshold. The corresponding values have b
calculated from Ref. [23]. Former theoretical studies d
not report the phase difference for the4S state; however,
their b results are in overall good agreement with our e
perimental and theoretical data [24].

The variations ofs, b, andb0 were measured also at th
2s2p43p resonance. Assuming that only the2s2p43p 3D
resonance contributes significantly, the individual co
rates at different angles for different atomic polarizatio
were fitted using a Shore parametrization [25] of the Fa
profile [26]. The monochromator energy width was abo
30 meV, the Fanoq value for the absolute2p 4S cross
section is21.9 6 0.1 which is consistent with [27]. The
resulting profiles where used to calculate theb and b0
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FIG. 4. Photoionization parameters and partial wave beha
within the autoionizing 2s2p43p 3D resonance. The solid
lines represent fit curves using a Shore parametrization of
resonance profiles. The error limits of this parametrization
represented by the shadowed zone.

curves. A weak resonance in theb parameter and a stron
resonance in the magnetic dichroism are observed
analyzed in terms of varying matrix elements and phas
Figure 4 shows the corresponding results. The anal
reveals an interesting feature of the resonance behavio
the two partial waves; their channel dependent“q” val-
ues [24,28] have different signsqd  21.95 6 0.1, qs 
0.9 6 0.4. This indicates a sign difference between t
Coulomb matrix elements of the twos andd continua with
the excited discrete state [30]. This is the first direct pro
of the sign of a Coulomb or Auger matrix element descr
ing the emission of al-resolved nondegenerate continuu
electron via Coulomb interaction.

Our measurements clearly demonstrate that traditio
angle resolved photoelectron spectroscopy of open s
atoms can be extended to complete photoionization
periments by the use of polarized atomic beams. Our
sults show that besides greater complexity of open s
atoms their photoionization may be consistently describ
in terms of three parameters only depending onLS cou-
pling at least for lighter atoms. Regarding photoexci
tion the method makes it possible to derive single chan
dipole and Coulomb matrix elements within an autoion
ing resonance.
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