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Giant spin-orbit interactions in argon photoionization
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We have measured the relative cross sections for quartet and doublet satellite statésfaim&d in
photoionization. Quartet states are dipole forbidden in the nonrelativistic limit and result from spin-orbit
interactions in the continuufiH. W. Van der Hart and C. H. Greene, J. Phys3B 4029(1999]. Because of
this, the cross sections for their formation are generally thought to be smaller than the dipole-allowed doublet
states. We find that the cross sections for th§ %]4p DS, and D[*P]4p “DY,, quartet states over certain
energy regions are 16 to 30 times larger than doublet states. This counterintuitive result remains to be theo-
retically explained.
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A clear signature of spin-orbit interactions in the photo-the magic angle and at the ionizing-photon energy of
ionization of Ar is the formation of quartet states of'/AThe  36.246 eV is shown in Fig. 1. As can be seen from Fig. 1,
proposed principal mechanism by which these states arifferent fine-structure peaks were easily resolved in the pho-
formed is one where the dominant dipole transitions to the&oelectron spectra. From known values of their thresholds of
1P2 component of the intermediate Ar state formed just aftefformation [4], the energy spacing of 66, 39, 82, 37, and
the absorption of the photon are mixed by spin-orbit cou-33 meV between the peakkom low to high electron ener-
pling with <, 3PS, and>D9 componentg1]. Quintet states gie9 are used to identify the final fine structure of the re-
are also possible but have not been considered in any calcsidual ion. The analyzer system simultaneously acquired data
lation in the energy region considered in the present experifor several electron energies so that beam intensity and target
ment. The triplet components of the intermediate Ar statelensity variations did not affect the relative intensity of the
make spin-conserving autoionizing transitions to quartepeaks of the spectrum that are close in energy.
states of Af plus a free electron. The singlet component The two largest peaks in the spectrum of Fig. 1 are asso-
decays to the doublet states of*Aplus a free electron. Pre- ciated with the’D$,, and*D},, states of interest. We note that
vious measurements of the formation of quartet states sughe peak heights and areas of the quartet states are signifi-
gest that the resonant states of Ar** are indeed dominatedantly greater than the doublets. For this particular ionizing
by thelP‘f state[2,3]. In this Rapid Communication we re- photon energy our measurements show that the cross sec-
port on measurements where quartet cross sections are largems for the two quartet states, which are proportional to the
than the doublet cross sections, an unexpected result withi@rea under each peak, are significantly larger than the inte-
the context of the present theoretical developnjé&ht grated area of the dipole-allowed doublet stat®s,,, D3,

The exceptions that we have found were in the formatiorfPS,,, and?PS,,.
of 3p*°Pl4p “DJ,, and P[°Pl4p *DY,, satellite states of  To quantitatively illustrate the difference between the
Ar* in the photoionization of argon in the energy range ofquartets and doublets, the ratio of the areas of the peaks
36.120 eV to 36.520 eV. The thresholds of formation of the
‘DY, and DY, states are 35.403 and 35.370 eV, respec- 16000
tively, relative to the Ar ground stafé]. We have measured
the relative cross sections for these states by measuring the
characteristic electron emission at the magic ari§7°
relative to the linear polarization axis of the vacuum-
ultraviolet (vuv) synchrotron radiation. The experiments
were performed on the beamline 10.0.1.2 of the Advanced
Light Source (ALS) at the Lawrence Berkeley National
Laboratory(LBNL). Linearly polarized photons were made
to collide with Ar in a gas cell. The electrons emitted at the
magic angle were energy analyzed using a Scienta Gamma-
data SES-200 hemispherical electrostatic analyzer. The Electron Energy (eV)
beamline was operated at high resolution for these experi-
ments with a photon band pass of 5 meV. The electron en- FIG. 1. Electron energy spectrum taken at the ionizing photon
ergy analyzer utilized a pass energy of 2 eV. A typicalenergy of 36.246 eV. Data points are indicated by filled circles; the
measured-electron energy spectrum for electrons emitted &be is the calculated fit assuming Gaussian profiles for each peak.
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FIG. 2. Top graph(a) shows the integrated area of the peak in  FIG. 3. The open circles show the data from Fig. 2 multiplied by
the photoelectron spectra corresponding to“ﬂ)%2 state while the  the 2Dg,2 fluorescence cross section over the same ionizing photon
bottom graph(b) shows the integrated area of the peak in the pho-energy range. The top graph is for tﬁag,z state and the bottom
toelectron spectra corresponding to fi¥,, state, both normalized one is for the*D¢), state. The thicker line shows tiB2), fluores-
to the saméD?,, state area. cence cross section.

associated with th&D$,, and “D},, states to théDg,, state  both Figs. 2a) and 2b). To take into account the energy
have been plotted at different photon energies. The area ofariation of the reference intensity we multiplied the ratio
one electron peak can be expressed by the relationship  shown in Fig. 2 by théDg,2 cross section, according to

=& (ox / ar. Do
An(D) = en(Doo(D[L + B(1)Py(cos ) )/4 o(#D2,) = 2UPLe) | (a0

(o
The factore,, encompasses the solid angle electron detector Am(zDg/z) °

efficiencies at any given electron energy and at the magic 20 - - : .
angle. The quantities(1), og(2), etc., are the total cross Whereoy(“Dz),) is the fluorescence cross section determined

sections for emitted electrons corresponding to padks |tn a t_sepatrattel ex_p(:—[,\rlm(int fro][n rgc;%s%gg}im%%f ;het((:)harac—
(2), etc. At the magic angle of,,=54.7, P,(cos6,)=0. enstic total _Intensity o P P s

+fan43 210 . _ :
Therefore, the ratio of any two-peak areas at the magic angl’g‘r 3p""Pl4s 93/2} tranS|t|qn at)\—_488.0 nm, using the
; apparatus previously describéf]. Since the fluorescence

is -
measurements have constant efficiency from threshold to any
An(D)  en(1) op(1) energy, no efficiency correction is needed for this multipli-
A (2 = 2 2) cation. The contribution of the statistical errors associated
m(2)  em(2) 00(2)

with the fluorescencg¢about 2% to Figs. 3a) and 3b) is
The energy differences between the electrons associated wilhsignificant and a typical error bar for Figs@@por 3(b) is
the “DY,, and*D,, lines and those associated with tfigg,,  still about 9%.
state are 37 meV and 70 meV. Since the energy of the pho- These results are shown in Fig. 3. Also shown is the
toelectrons is about 850 meV, we would expect a negligiblerelative-measureﬁDg,2 cross section given in arbitrary units.
difference in the efficiency of the electron energy analyzeiSince the fluorescent radiation collection efficiency factors
for these two electron energies. Hence, the ratio of the pea&re independent of the ionizing energy, the relative quartet
intensities measured at the magic angle represents the ratwoss sections are now on the same scale asDfigcross
of the cross sections of the two quartet states to the doublaection. The gap in the data of Figs. 2 and 3, of approxi-
state. The intensities of tH®$,, and“D$,, peaks referenced mately 50 meV of width, is due to the allocation of beam
to theZDg,2 intensities are shown in Fig. 2. We estimate thetime at ALS and would not change any discussion or conclu-
typical errors associated with the ratios to be about 9% fosions of this paper. The structures observed on the fluores-
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cence data are due to the doubly excited states of Ar. Thelibit resonancelike behavior similar to the doublets. The fact
identification was tabulated by Madden, Ederer, and Codlinghat these two quartet states are larger by an order of magni-
[6]. Their observations in fluorescence experiments were disude suggests that within the model of singlet-triplet spin-
cussed in Ref[5] over an energy range that includes the orbit mixing of states in AY, the triplet component of the
range of the present papg]. . ) state is larger than the singlet component. This counterintui-
We have found two quartet states G&r")" formed in  tjve result has not been theoretically addressed. It is clear
photoionization where the decay of the intermediate state ohat the description of the photoprocess in Ar is filled with
Aris dominated by transitions to the quartet stat®,, and  many interesting and subtle phenomena that deserve further
D3/,. We have determined their cross sections relative to th%tudy.
dipole-allowed doublet states of Aover a 400-meV energy
range. We find that they are an order of magnitude larger This work has been supported by the National Science
than the doublet cross sections over most of this energiFoundation through Grant No. NSF-9731869. We thank the
range. The cross sections for tfig,, and ‘DS, states ex- entire staff of ALS for their dedicated work.
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