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Using high resolution intensity and polarization measurements of radiation frori’ #iép 2P3),
excited state of At formed by linearly polarized synchrotron radiation, one can trace how the one
unit of angular momentum brought by the ionizing photon is shared between the bound state electrons
and the photoelectron. A measured sharp change in polarization from 25%5t% over a 7—8 meV
energy interval of the ionizing radiation results from variations in the partial cross sections of the
|m;| = 1/2 and3/2 magnetic substates and is the signature of a rapid oscillation of the excited ionic
charge cloud from prolate to oblate spheroid. [S0031-9007(97)04900-4]

PACS numbers: 32.80.Fb

In the photoionization of Ar, one often finds that Ar tion measurements with the subsequent determination of
is left in an excited state with varying values of total an-the alignment, as a function of ionizing photon energy,
gular momentum, for example, froth= 1/2 to as high of 2D5/2 and 2D3/2 satellite states of Cd were shown
asJ = 9/2, although the initial photon interacts with a to exhibit structure attributed to the coupling of discrete
single electron while giving up one unit of angular momen-autoionizing states of Cd to the observed open channels
tum [1]. This implies that the emitted photoelectron mayCd* (?Ds/23/2) + e¢~. Samsoret al. [4] observed varia-
also carry components of angular momenta larger than thigons in the fluorescence of satellite states of And at-
one unit that was transmitted to the system. The descrigributed these to coupling of the open channels to discrete
tion of the redistribution and sharing of this one unit of autoionizing states. However, no polarization measure-
angular momentum between the bound atomic electronsient was performed and due to limited resolution of ap-
and the continuum photoelectron depends very much oproximately 20 meV many features of the spectrum were
the dynamic electron-electron interactions during the phounresolved. R.l. Halet al. published the threshold pho-
toionization process. One can gain insight into this antoelectron spectrum of Ar with an energy resolution of
gular momentum sharing from the knowledge of the totab0 meV for the ionizing photons over an energy range of
alignmentAg of the residual excited ionic state, which is a 20-50 eV [5].
measure of the distribution of the total angular momentum- In this Letter, we present high resolution magnetic
magnetic substate population of the excited satellite statsublevel cross sections obtained from measurements of the
The alignment can be determined from a measurement gfolarization of the 476.5 nm fluorescent radiation from the
the polarization of the fluorescent radiation from the" Ar fine-structure resolve P14 p 2P3”/2 satellite state formed
satellite states. Since we experimentally find that the forby linearly polarized ionizing photons of 35.6—36.25 eV
mation of excited Ar is dominated by the process in energy. The reaction can be represented as
which doubly excited Rydberg states of Ar are formed,
it is imperative that the intensity and polarization mea- hy + Ar — (Ar)™ — Ar*(3p*[*Pl4p*P3)y) + e~
surements, as a function of ionizing energy, be carried
out at the highest possible resolution. This high reso- — Ar*(3p*l’PHsPl)) + 476.5 nm.
lution allows one to determine the energy and charac-
terize the angular momentum quantum numbers of thé narrow band interference filtdhA = 0.3 nm) is used
Rydberg states. This initial characterization of the Ryd-o isolate the 476.5 nm fluorescent radiation. The polari-
berg states, in turn, allows one to determine the subsezationP(90) is determined by measuring the intensities of
guent angular momentum sharing in the autoionizatiorthe fluorescent light polarized parallé}) and perpendicu-
process in the formation of the excitedAand a free elec- lar (7, ) to the polarization axis of the incident synchrotron
tron. Thus, by combining the characteristics of high reso+adiation with the axis of the optical system placed in a
lution light sources with the added information that thedirection of 90 with respect to the polarization axis of
polarization of the fluorescent radiation brings, one carthe incident light. From these measurements we deter-
obtain dynamical information about the energy and anmined the intensity (90) = I + I, and the polarization
gular momentum sharing that cannot be obtained in any(90) = (I — 1,)/(I) + I.) of the satellite line. The
other way. total intensity of the’P3,, satellite line emitted totsr

In previous studies by Kronast, Huster, and Melhornsolid angle is obtained from the intensify90) and the
[2], and by Goodman, Caldwell, and White [3], polariza- polarizationP(90).
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The total alignment coefficient is related to the measured 03

polarizationP(90) by [6,7]: o O2F
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the definition of the total alignment coefficient, for= G
3/2 states one readily finds that the magnetic substate cross Calibrated Photon Energy (eV)

sectionsr(|m;| = 3/2) ando(|lm;| = 1/2), defined as the

FIG. 1. Measured polarization of the 476.5 nm radiation from
sum of the two==m; substate cross sections, are given bythe [*Pl4p2P3), satellite state of Ar formed in the photoion-

4 + 5AS 2 ization of Ar by linearly polarized synchrotron radiation with a
o(lmjl =3/2) «* ———I,,x = —[3 — 5P(90)]1(90),  nominal 3 meV resolution. The continuous line is to guide the
8 3 eye. The 15-20 meV (energy full width) resonancelike varia-
4- 27 Substate cross sections, The vertcal b correspond-To.the
— u .
U(lmjl =1/« 8 Imt 3 3+ 3P00)J190). discrete doubly excited Rydberg series of Ar, as maEked on the
figure.

Details of our experimental apparatus will be described ’
in a future article, but briefly, photons from the 10-cm- will be published elsewhere. We note the emission of the
period U-10 undulator of 9.0.1 beam line of the Advanced476.5 nm radiation increases immediately at the threshold
Light Source (ALS) in Lawrence-Berkeley Laboratory arevalue of 35.627 eV. At threshold, the ionized electron has
monochromatized by a 385 lingdam spherical diffraction zero energy, but the detection efficiency of the satellite
grating monochromator at a resolutidty AE of 12700 radiation is constant and independent of the energy of the
and collide with the target gas Ar from a needle jet. Theemitted electron. This constant efficiency represents one
monochromator is calibrated usiBg3p®np ' P{ series of of the strengths of fluorescence techniques for studying
window-type resonances [8] of Ar from = 6 to n =  the details of photoionization phenomena at or near the
20, and the well-known threshold onsets [9,10] of thethresholds of weak satellite states.
emission of radiation at 465.8, 476.5, 472.7, 488.0, 459.0, The high resolution monochromator used in the experi-
and 461.0 nm which are characteristic emission lines ofment gives one the capability to assign unambiguously
satellite states of Ar. From this regression, the accuracy discrete Rydberg states with well-identified angular mo-
of the ionizing photon’s energy is2 meV. mentum to certain resonance features in the cross sec-

Figure 1 shows the measured polarization of the fluotion data. These assignments combined with the detailed
rescent 476.5 nm radiation from th&P]4p 2P30/2 satellite  polarization data enable one to describe the angular mo-
state. Superimposed on these results are the locations wfentum redistribution and sharing in the photoionization
doubly excited Ar Rydberg states whose structure conprocess for selected doubly excited states. For example,
sists of an excited At core and a nl Rydberg electron, the [m;| = 1/2 and 3/2 magnetic substate cross sections
hence the designationsD]3d F;anf, ['D13d ?Fsanf,  in the 36.16 eV range in Fig. 2 are equal and exhibit a
['D]3d 2Fs/;np, and ['S]4s2S,,np. The designation large resonancelike behavior. This equality of magnetic
[1L] refers to the total orbital angular momentum of thesublevel cross sections implies that #&, satellite state
3p* core electrons in LS coupling. One should notehas zero alignment, that is, a spherical charge distribu-
here that[!D]3d *Fs;np series do not form' P{ lev-  tion, at these particular energies of the ionizing photon.
els. However, it is known from previous studies [8] thatFrom Fig. 2, one notes that the identified doubly excited
['D]3d 2Fs/;np series are populated. The identification states found near 36.16 eV also have spherically symmet-
of the energies of the Rydberg series shown in Figs. 1 andc (Ar*)* cores. One of these doubly excited states has an
2 is obtained by using the known ionization limits [10] excited3p*['S]4s 2S;,, core and &p Rydberg electron,
and previously accepted quantum defects [8]. and the other one has an excited*['D]4p 2P, /, core

In Figure 2 we present the magnetic sublevel crossvith a6s Rydberg electron. Our measurements unambigu-
sections calculated from our polarization measurementsusly show that in these cases, the spherical symmetry of
The open circles represent the;| = 1/2 cross sections the charge distribution of the core of the doubly excited
and the filled circledm;| = 3/2 cross sections. In both state is maintained in the autoionization process. In the
figures a step size of 1 meV and an energy resolution chutoionization the spherically symmetric cores of the Ryd-
3 meV are used. The full measured spectra and the detaiterg states recouple to fornBa*[*Pl4p 2P§’/2 core while
of the spectroscopic assignments of the Rydberg statemaintaining this spherical symmetry. All the anisotropy
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FIG. 2. Magnetic substate cross sections for[tel4p 2P3,, satellite state of At calculated from the polarization measurements,
the open circles foftm;| = 1/2 and the filled circles for th¢m;| = 3/2 cross sections. The differences in the magnetic substate

cross sections causing the sharp variation in polarization near 35.76 eV can barely be seen at this scale. The vertical lines
correspond to the discrete doubly excited Rydberg series of Ar, as marked on the figure.

brought by the initial polarized photon is carried away bya mean radiu$R) = 4a, as can be estimated from hydro-
the free electron, in this case, inkq/,, ds/2, andds), genic wave functions, and an elongated charge distribution
partial waves. In the process, the coupling of e  along the incident photon’s polarization axis, having six ra-
electrons changes frod$ or 'D to 3P, giving energy to  dial nodes and a mean radi(t9 = 94ay.

the emitted electron. As we have shown above, the high resolution inten-

Similarly, for the peak at 36.24 eV, shown in Fig. 2, sity information combined with high resolution polariza-
the magnetic sublevel cross sections coincide once moréon measurements makes it possible to depict a physical
implying a nonaligned residual ion. Indeed, the spheripicture of the cases where there is a large variation in inten-
cally symmetric charge distribution of the core of the sity while the corresponding polarization is zero. On the
[1ST452S1,9p Rydberg state is again maintained in theother extreme, the data show also that it is possible to have
autoionization process. a slowly varying intensity pattern while the corresponding
In addition, the linear polarization of the incident pho- polarization changes rapidly and substantially. This is ex-

ton provides information about the charge distribution ofemplified by the polarization data of Fig. 1 which displays
the doubly excited state and its angular momentum propan unusually sharp resonancelike variation near 35.76 eV
erties. It implies that the At is aligned. For specific where the polarization changes very rapidly from approxi-
[1S]4s2S1,8p and 9p Rydberg states discussed here,mately +25% to —25% over a range of 7—8 meV. Fig-
the implication of an aligned doubly excited state with aure 3 shows the details of the polarization from 35.700 to
nonaligned core is that the Rydberg electron contains a5.890 eV with the energy resolution improved from 3 to
the alignment and is in magnetic sublevel= 0 which 2 meV and with longer counting times for better statistics.
is aligned along the incident photon’s polarization axis. This resonancelike behavior reflects the dependence
Then the['S]4s %S, ,,8p Rydberg state at these ionizing of the polarization on the magnetic substate populations
energies is described by a spherically symmetric core witlas a function of the ionizing photon energy. From the
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03 ——————————— AR e nance. Coupled with the fact that the magnetic substate
cross sections intersect near 35.76 eV, this leads to the
o 02F amplified resonancelike behavior of Figs. 1 and 3. This
£ amplification illustrates how polarization analysis of radia-
£ o1 tion from satellite states can be used as an additional sen-
i ' sitive tool to study subtle variations and differences in the
5 magnetic sublevel cross sections even when the individual
w5 00 substate cross sections vary relatively slowly with the en-
5 ergy of the ionizing photon. Near 35.76 eV, the polari-
"§ 01F E zation shows a 15—-20 meV resonancelike variation which
5 can be unambiguously attributed to the differences in the
S o2l f magnetic substate cross sections, suggesting magnetic sub-
level dependent coupling between the partial open chan-
03 . ‘ L nels and the discrete doubly excited Rydberg states. The
35.70 35.75 35.80 35.85 35.90 rapid change from+25% to —25% in polarization indi-

Calibrated Photon Energy (eV) cates that the excited ionic charge distribution oscillates
FIG. 3. Details of the polarization measurements nearfrom prolate to oblate spheroid within 7-8 mev of en-
35.76 eV with the resolution improved to 2 meV. The error?r:gyplr?éfé\i/::]gi‘fig?]blng an unexplored dynamical aspect of
bars are the statistical uncertainties. ' ' . : . L
High spectral resolution combined with polarization
measurements provide us with a visual description and
interpretation of diverse photoionization phenomena that
gannot be extracted by any other means. On one extreme,
hen the polarization is zero but the intensity displays a

equations defininglj the polarization is directly propor-
tional to the difference between the;| = 1/2 and 32
cross sections and inversely proportional to the weighte

sum. Thus, rapid changes in polarization reflect rapi - . : :
changes in the difference of the substate cross sectiongrge variation associated with the formation of a doubly

These differences are amplified as the total cross sectio?f(c'ted _Rydberg state, we have _presented evidence for a
becomes smaller. The magnetic substate cross sectio opensity to conserve the spherical symmetry of the core

calculated from the polarization shown in Fig. 3, are dis- ring .the. qutoionization process following the absorption
played in Fig. 4 with an expanded scale. From Fig. 401c th? lonizing photon. Qn the other extreme, when the
one notes that the difference in the substate cross seB—OIar'.Z"’lt'on changes rapidly from a posmve.vall_Je o a
tions is a significant fraction of the total cross section.Negative value, even though the corresponding Intensity
The total cross sectioa(j = 3/2) is the sum of the two may vary sIow_Iy, we h_ave shown t_hat the_ charge d|§trlpu—
magnetic substate cross sections shown in Figs. 2 and fon of the excited residual ion varies rapidly changing its

lts magnitude in the vicinity of 35.76 eV is small and shape from a prolate spheroid to an oblate shape over small
changes in the energy of the ionizing radiation.
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