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Production of Purely Spin-Aligned Autoionizing States Which Decay
to Orbital-Aligned lonic States
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In violation of the Wigner spin-conservation rule, purely spin-aligned, doubly exaipéff P14p(2S)
ns autoionizing states have been produced during the photoionization of argon with linearly polarized
radiation. Upon autoionization this spin alignment is transformed into orbital alignment, inferred from
the polarized fluorescence from doubBgi*4p ionic states. We show that this orbital alignment is
equally partitioned between ti#p* subshell andip valence electron. [S0031-9007(98)06541-7]

PACS numbers: 32.80.Fb

In violation of the Wigner spin-conservation rule [1], that there is a significant interaction between the residual
we present experimental evidence for the production, byatomic electrons and the continuum photoelectron in order
single photon absorption, of purely spin-aligned, dou-to redistribute such an angular momentum content. With
bly excited states of a multielectron system in whichno hyperfine structure, and its fine structure resolvable
the total angular momentum is devoid of orbital con-by fluorescence, argon provides a convenient atomic
tent. Excited by linearly polarized radiation, the observedsystem to explore and quantify the partitioning in such
Ar 3p*[3Pl4p2S ns Rydberg states are maximally spin a redistribution. A quantitative measure of this angular
aligned. Upon autoionization this spin alignment is con-momentum sharing can be gleaned from the determination
verted into orbital alignment, inferred from the polarized of the total alignment of the excited ionic state since this
fluorescence from the Ar3p*[*Pl4p2Ds;, and?P3,  atomic parameter is one measure of the distribution of
ionic states. This represents clear experimental evidendbe magnetic-substate population [4]. The total alignment
for a strong spin-orbit interaction in the decay of an au-parameter can be determined from a measurement of the
toionizing state. In addition, we show that this productionlinear polarization of the fluorescent radiation [7,8].
of orbital alignment in the ionic states is equally parti- In the measurements reported here, an atomic beam
tioned between thap*[*P] subshell and p valence elec- of argon has been photoionized with synchrotron radia-
tron. Thus, our alignment measurements oftbg,, and  tion in the energy range from 35.50 to 35.75 eV with
2P, ionic states provide a quantitative measure of thea resolution of 2 to 3 meV. This high resolution with-
relativistic many-body interaction between the autoioniz-out a prohibitive loss of flux was achieved with the
ing ns Rydberg electron with both th&p* subshell and spherical-grating monochromator on the 10 cm undula-
the4p valence electron. tor of beam line 9.0.1 of the Advanced Light Source,

Excited ionic states produced during photoionizationLawrence Berkeley National Laboratory. The linearly po-
are referred to as satellite states due to their inhererarized synchrotron radiation [9] was made to intersect an
weaker transition rate compared to the main photolineffusive beam of argon with the linear polarization axis
where the residual ion is unexcited. The observation ofligned along the atomic beam axis. Fluorescence was
the fluorescence from these ionic states allows a sensitivabserved orthogonal to this collision plane with a photon-
study of many-body interactions since measurementsounting photomultiplier coupled to the interaction region
can be obtained at threshold with high resolution andy a /1.9 lens along with a linear polarizer and 0.3 nm
efficiency [2,3]. Polarization analysis of this fluorescence pandwidth interference filter for fine-structure resolution.
or equivalently, the fluorescence angular distributionBy alternating the orientation of the linear polarizer, the
allows one to determine magnetic-substate partial crostuorescent intensity parallély) and perpendiculat/ )
sections and the relative strengths of the radial matrixo the linear polarization axis of the synchrotron radi-
elements for production of photoelectron partial wavesation was measured at a fixed ionizing photon energy.
[4,5]. In this Letter, we further show that, due to Each individual intensity was normalized to the ionizing
an inferred magnetic sublevegdistribution, a measure photon flux monitored by the current on a biased alu-
of a relativistic many-body interaction can be directly minum surface intercepting the synchrotron beam as it
guantified from such a polarization analysis. exited the interaction region. Repeating the measurement

The satellite states of argon have been observed topon incrementing the ionizing photon energy allowed the
display a widely varying angular momentum content, thetotal intensity7,(90°) = I + I, and linear polarization
total angular momentum quantum number varying fromP(90°) = (I — 1,)/1,(90°) of a fine-structure resolved,

J =1 to as high as] [6]. Since the ionizing photon satellite-state fluorescence spectra to be determined for
provides only one unit of angular momentum, this impliesthe polar angl@ = (90°) with respect to the quantization
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axis set by the linear polarization axis of the ionizing ra-point in the figures representl standard deviation corre-

diation. The ionizing energy was incremented by 0.5 orsponding to the counting statistics.

1 meV sequential steps depending upon the structure ob- Overlain in the figures are predictions fors and

served in exploratory measurements. n'd Rydberg series which account for much of the
Figures 1 and 2 give the total intensity emitted intostructure in the spectra. Parity and angular momentum

a 47 solid angle(= I + 21,) and linear polarization conservation restrict the orbital angular momentum of the

P(90°) spectra for the following two Ar 4p — 4s  Rydberg electron to only these values for the indicated

fluorescent transitions: excited ionic cores. The series predictions are based on
) 5 previous_ly accepted [6,10_,11] guantum defects for argon
3pBPl4p Ds3/» — [PP4s P32 along with the well-established [12,13] energy levels for
2Py 2Py ) the excited3p*[*P]4p 2P;3/, and’S states of Af.

The autoionizing structure assigned to thes;, ns,
{/\ (472.7 nm)}‘ n'd series is irregular, most likely due to the interference
A (476.5 nm) with early members of thés ns, n'd series as well as

The spectra shown are in the immediate vicinity of thethe proximity of a comparables, n'd series attached
threshold for the excitation of thesty satellite states. tO the other fine-structure membgP}4p P/, whose
As evidenced in Fig. 1, the onsets for these fine-structur8nNergy level is at 35.561 eV. Beyond the limit for
resolved thresholds were abrupt with only the dark counts’P14p *P32 at 35.627 eV, members of thes ns, n'd

for the photomultiplier tubes registered prior to threshold S€ries show a partially resolved regularity. Although an
The ionizing photon energy was calibrated using the pho@utolonizing structure has t_)een previously attributed [3] to
toelectron yield for the ABs — np window resonances the[3P]4p.2P3/2 ns, n'd series, the present measurements
[10] along with six thresholds for similar satellite state offer the first experimental ewdence_for the excitation of
fluorescence [4]. Using microchannel plates, the photothe[*PJ4p S ns andn'd Rydberg series.

electron yield was measured along a collection axis lying The coupling scheme used to describe the overall sym-
within the collision plane and aligned at the magic anglénetry of these doubly excitet§ n¢ Rydberg states will
with respect to the linear polarization axis of the ioniz-depend upon the values af and € [13]; with increas-

ing radiation. The uncertainties associated with each datR9 values of these quantum numbers the coupling pro-
ceeds fromJ;-¢ to J;-j coupling, where/J; denotes the

P ] I 175 1|5$I| NRRA 3P 2
Co e N N SR 0 PI4p 2Py, 0441 (1 T L 1 BPI4p 2Py,
12d 13d 12d 13d Hil |
2.0- } . i
m c | e 1 2 i i
-"é‘ g 024 i‘\ :1\1”‘ , it 1 i ‘;\ i !
=] @© (. gL . i
g 15 = R v LRl 4
£ ] RIS
g c | ;Hh‘Hl‘ \
= 1 %5 R TN 00 it S 1 J
2 5 TR i‘ii“‘”\i i
g 10 S iREAL i
= i‘”[ . I ‘||
o f | H‘
o 0.2 ! i
< 05 i i
145 16s [°P14p?S 145 15s
T T R B R L1 . Py |1:Iid|1‘ltdll LR 11 .
OIO_ 13d 14d [3P] 4p ZS
1.54 g c 0.2
2
2
©
N
> 10 i s
2 o 0.1
k9] S
[
= 054 - &
S
a
o~ L ]
0.0 e S SURURURURUURN SUON O
0.0
35.50 35.55 35.60 35,65 35.70 35.75 35.50 35.55 35.60 35.65 35.70 35.75
lonizing Photon Energy (units of eV) lonizing Photon Energy (units of eV)

FIG. 1. Total intensity of Af 3p*[*PJ4p2D;;, and 2P;;,  FIG. 2. Linear polarization of Ar 3p*[*Pl4p*D;, and
fluorescence in the immediate vicinity of the thresholds for’P;, fluorescence in the immediate vicinity of the thresholds
these satellite states. for these satellite states.
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total angular momentum of the ionic core. Independent Directly proportional to the expectation value of the
of the coupling scheme and in apparent violation of thezero component of the electric quadrupole tensor, the total
Wigner spin-conservation rule [1], both tH& ns and  alignment parametet,(J/), which is defined [7] as

n'd Rydberg seriesequire a spin flip during the pho-

2 _ g2
toexcitation,thereby partially explaining the comparable Ao(J) = GBI =9

excitation strengths shown in Fig. 1 for both series. In JU A+ 1)

order to satisfy the dipole excitation requirement of a to- Su, o.M [3M) — J(J + 1)]

tal overall angular momentum of = 1, this spin flip = U+ DSy, o) 1)

is obvious for the’S ns series and easily illustrated for T

the 2§ n'd states from a simple vector model. Thus, theiS related to the measured polarizatibras follows [8]:

mechanism for the photoexcitation of either of these se- 4P

ries is strongly influenced by relativistic spin-dependent AolJ) = OG- P) )

interactions. This conclusion is valid to the extent that o .

the3p*[*P14p 2S overall state symmetry is correct, where where the ionic total ang(lzj)la_r momentum is now repre-

negligible mixing has been previously assigned [12].  Sented as simply, and ' is an angular momentum
In addition, since thes&S ns, n'd Rydberg series were coupling constant which depends upon the total angular

excited by a linearly polarized photon, each member ofnomenta involved in the. fluorescence. Figure 3 shows
these series must populate thg = 0 magnetic sublevel ghe spectra for the total alignment parametgf/) for the
only. Thus, in the case of thdS ns series, which D3/, and~P3), satellite states determined from the mea-

is devoid of overall orbital angular momentum, this sured linear polarization. There is a positive correlation

results in a maximally spin-aligned, doubly excited stateP€tween the two spectra regarding the structure associ-
Y P g y ed with the[*P14p S ns,d Rydberg series: from the

These states are maximally aligned in the sense that il f the ali fer th S
alignment displays an external value and spin aligned i'9" Of the alignment we can infer that the series in

the sense that the total angular momentum is devoid df°th SPectra autoionizes to produce a more prolate satel-
any orbital content. lite state charge distribution (in the direction of negative

Upon autoionization of thidS ns series into the two alignment) while thend series decays to a more oblate
observed satellite channels, we infer from the observedistribution (in the direction of positive alignment).
polarized fluorescence in Fig. 2 that these two satellite BY decoupling the ionic total angular momentum into
states have nonzero alignment [7,8]. Since these satellif® constituent angular momentum we can express the
states are doublets and, therefore, cannot display any
spin alignment, this alignment must reside in their orbital 14 1fs'| . |qu e 2
angular momentum. Thus, the spin alignment inherent vy g ! 1 EPIP #Pa,
in the 2S ns Rydberg series is transformed into orbital 0.2
alignment of the satellite states during the decay of this
autoionizing series. This represerntlear experimental
evidence for a strong spin-orbit interaction in the decay
of an autoionizing state.

During the autoionization

-0.2 4

2D,,, Alignment

3p*[PPYap2S ns,n'd

2P3)
+ &s,d,
the 3p*[*P] subshell does not change its configuration Lo C
nor its coupling, and thép valence electron does not 13d 14d
undergo a configurational change. The photoelectron ki- 1
netic energy results from an overall recoupling between
the 3p* subshell and thép electron. Even though we
determine the total alignment parameter [7,8] from our po- :
larization measurement of the satellite state fluorescence
we canfurther quantify the alignment of both thép va-
lence electron as well as that of tAg* subshell through
an angular momentum decoupling. Thus, our alignment
measurements of theD;,, and?P3, ionic states provide
a quantitative measure of the many-body interaction be- . )
tween the autoionizings Rydberg electron with th@p* lonizing Photon Energy (units of eV)
subshell and thép valence electron as given by their re- FiG. 3. Alignment of the At 3p*[*Pl4p D5/, and 2P3),
spective alignment parameters. satellite states in the immediate vicinity of their thresholds.
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alignment of the3p* subshell and that of thép valence  [A¢(L.) = A¢(€') = —3A¢(L') = — 2 Ao(I)]Ipr1ap 2p,
electron in terms of the measured alignmagt/). Sup- (8)
pressing state labels unnecessary for the present disc

Br the [*Pl4p2P;), state. The negative sign in (8) is
asily visualized within the vector model of coupling
c=1and ¢ =1 to yield a compositeL = 1. The

sion, let|J) = >, aum,|JM;) represent the superposition
of magnetic sublevels composing either of the observeﬁ

satellite states where the partial cross sectiei, M) = alignment of the composite system will be orthogonal

lay, 1> >4 o(J, M)) contains all of the dynamical infor- )
mation cémprising a magnetic substate formation. DeIO that of the constituent angular momenta. In both (7)

coupling the ionic total angular momentum into its orbital ;ned C(gi)ﬁ tg;tgivesltoew(fsmeo;;{ b'ta;rﬂi'gggje?éme'gn the
L and spinS componentd/; andMjg, respectively [12], P y quatly p

L. = 1 subshell and thef = 1 electron. This equal
partitioning is a necessary physical constraint imposed
by theLL = L. + € coupling appropriate for these states

) ] ] . [12]. Thus, the present measurements allow the alignment
allows the relationship between the partial cross Secuonﬁarameters for the orbital motion of thep* subshell

for the orbital and total components to be recognized 544 the 4p electron to be explicitly quantified. For

) the doubly excited3p*[*P]4p 2S ns autoionizing states,
o(L, M) = ZM,<LMLSMS |IM;y (1, ML). (4 this orbital alignment originates from an inherent spin

Substituting (4) into an expression comparable to (1) folignment. Thus, our alignment measurements of the

. . . 4r3 2 2 H H
the alignment of the orbital angular momentum of the ion3P ["P}4p “D3/2 and “P3; satellite states provide a
yields direct quantitative measure of the relativistic many-body

; interaction between the autoionizimg Rydberg electron
Ao(L)py, = gAo(D)lep,, (5)  with both the3p* subshell and thép valence electron.

for the relationship between the alignment parameter for We thank the staff of the Advanced Light Source,
the orbital and total angular momentum of tR®;, Lawrence Berkeley National Laboratory, for their assis-

satellite state. The similar relationship for thes, tance during the acquisition of these measurements and
satellite state is acknowledge the support of the National Science Founda-

tion under Grant No. PHY-9419505.
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