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Abstract. The effect of the polarization of the atomic core by the outer electron on near threshold pho-
toionization of excited alkali atoms Ak(np) (Ak = Na-Cs; n = 3—6) is investigated. Partial and total
cross-sections for photo-ionization of the np-electron were computed utilizing the configuration interaction
technique with Pauli-Fock atomic orbitals (CIPF) and including the long range core polarization potential
(CP). To calculate the core polarization potential the variational principle is applied. Comparison with
previous theoretical results and with available experimental data is made for the total cross-section o, for
the electron angular distribution parameter 3, for the ratio v = |Dq/Ds| of the reduced electric dipole
matrix elements and for the phase shift difference A = §q — ds, associated with the d-wave and s-wave con-
tinua, respectively. In the comparison, new experimental results for o, v, and A, measured for laser-excited,

polarized **K(4ps/2) atoms, have been included.

PACS. 32.80.Fb Photoionization of atoms and ions — 33.60.-q Photoelectron spectra —

31.50.+w Excited states

1 Introduction

Photoionization of excited atoms is an important elemen-
tary process in applied plasmas such as discharges, laser
media and flames. In spite of its relevance, rather few
quantitative studies have so far been carried out of the re-
spective energy dependent near-threshold cross-sections;
determinations of partial, final-state cross-sections or of
the relevant basic quantities (electric dipole elements and
phase shifts of the photoelectron continuum waves) are
scarce for excited states [1,2]. Alkali atoms as quasi-one-
electron systems have proven to be an important and
interesting testing ground for theoretical descriptions of
the photoionization process, both for ab initio theories
and semiempirical calculations. In particular, photoion-
ization of alkali atoms in their ground state Ak(ns) has
received a lot of attention due to the Cooper-Seaton min-
imum appearing close to threshold for Ak = Na, K, Rb,
and Cs (n = 3—6) which provides a sensitive probe of
electron correlation and relativistic effects [3,4]. In a re-
cent paper, we have described a novel approach to in-
clude in these calculations the polarization of the core
electrons by the outer valence electron in a realistic and
efficient way [4]. For ground state alkali atoms, these core
polarization effects have been known to be important
for some time [5-12]. For outer electrons with less core-
penetrating character it is expected that the effects of core
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polarization on near-threshold photoionization cross-
sections are less important. In a recent study of pho-
toionization of laser-excited K(4ps/2) atoms, carried out in
connection with the development of an intense laser photo-
electron source [13,14], we were quite surprised to observe
strong deviations of our measured cross-sections from the-
oretical predictions based on the Hartree Fock approach
which had been shown to provide good results for pho-
toionization of excited Na(3p) atoms [15].

These observations motivated us to carry out a sys-
tematic theoretical investigation of near-threshold pho-
toionization of the excited Ak(np) states (n = 3—6) for
Ak = Na, K, Rb and Cs:

Ak(np) +v — AkT + e (es,ed), (1)

where ¢ denotes the energy of the photoelectron. We use
the configuration interaction Pauli Fock (CIPF) method,
developed in previous work [2,16-20]. In order to account
for core polarization effects we use an approach described
in a recent paper and there applied to photoionization of
ground state alkali atoms [4]. We report theoretical re-
sults for the total photoionization cross-sections o(¢), for
the electron angular distribution of unpolarized excited
atoms (characterized by the anisotropy parameter §(¢)),
for the ratio v(e) = |Dq/Ds| of the electric dipole matrix
elements and for the phase shift difference A(e) = dq — s
associated with the d-wave and s-wave continua, respec-
tively, at photoelectron energies from threshold up to 6 eV.
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The theoretical results are compared with existing litera-
ture data including recent experiments with cold, trapped
Rb and Cs atoms as well as our new measurements for
K(4ps/2) atoms. Differences between theory and experi-
ment are critically discussed.

The paper is organized as follows: in Section 2 we de-
scribe the theoretical method. In Section 3 we sketch the
experimental approach used to obtain our data for the ex-
cited K(4p3/2) atoms. In Section 4 we present the calcu-
lated results and compare them with previous theoretical
and the experimental data.

2 Theory
2.1 Transition amplitude and cross-section

In order to calculate photoionization of excited alkali
atoms Ak(noly = 1,Jp) we used the following scheme
(written for the case of K(4p) in (2)).

scr FISCI
El
3p%4p, Jy —m—————m == > 3pSet(r=5,d),j
Coulomb Te~o a7 -7 Coulomb
pletfs/ay  ~ T 3p54pis/d) (2)

In this scheme we have included the configurations which
contribute to the transition amplitude due to initial state
configuration interaction (ISCI) and final state configura-
tion interaction (FISCI). The solid and broken lines rep-
resent the Coulomb and electric dipole interaction E1, re-
spectively; {¢} means a complete set of intermediate AOs,
over which summation and integration are carried out.

The first horizontal line in scheme (2) represents
the direct transition whereas the other lines are the
many-electron corrections of the first order known as
intershell correlations. Accounting for these intershell
correlations in the considered problem somewhat in-
creases the photoionization cross-sections and brings the
results computed in length and velocity gauges into closer
agreement, as will be illustrated in Section 2.3, Figure 2
and Table 1. The expression for the reduced matrix
element of a direct transition in (2) can be simplified
in comparison with that obtained in [19] because of the
closed 3p-shell and has the following form:

(65]1Q™M| InoloJo) =
(— 1)/ (25 + 1) (20 + 1)]*/2

x {io Zo 1/2} (UICD o) (etldinoto)  (3)

where the 6j-symbol is defined according to [21].

In equation (3) (/|COle) = VZmax (fmax
max(¢,¢p)) is the submatrix element of the spherical
functions determined according to the standard phase
convention [21] and is always positive, (ef|d|noly) =
J5° P(el|r)dP(nolo|r)dr is the radial integral determined
elther in length (d = r) or velocity form (d = (d/dr F
lmax/7) and the signs — or + corresponds to the transi-
tions £ — £ — 1, £ — £+ 1). The formulae for the matrix
elements of the correlation transitions in (2) are expressed
via a sum of products of radial integrals of the dipole tran-
sition and Slater integrals. They have a rather bulky ex-
pression in general form and are not listed here. All these
matrix elements including the direct amplitude written
out in (3) depend on the quantum numbers j, ¢ and Jp.
The expression for the total photoionization cross-section
via the partial cross-sections 05 (w) has the form:

Z a; (4)

where a% (w) are determined according to the following
formula:

o, (w)[Mb] =

O']O

2 +1

—7T aapw [(e€i 11Dl Jo)*.  (5)

2Jo+1

In formula (5) the signs (+) and (—) correspond to the
length and velocity forms, square of the Bohr radius
a? = 28.0028 Mb converts the atomic units for cross-
sections to Mb = 10722 m?, w is the exciting photon
energy in atomic units, and |[(e£j||D||.Jp)| is the subma-
trix element of a transition consisting of the sum of the
partial amplitudes in accord with scheme (2).

Another physical quantity describing the interaction of
unpolarized atoms with linearly polarized ionizing radia-
tion is the parameter of the angular distribution of pho-
toelectrons (3 defined as follows [22]:

d(f]o - (TJO
( 0 ) =i [1+4 B, P2(cos)]. (6)
The expression for 3 [19] can be also simplified because of
the spherical symmetry of the ionic core in the case under
consideration and has the form:

see equation (7) below.

In formulae (5, 7) the relativistically corrected continuum
wave functions have the following asymptotic form
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Here k? = 2¢(1 + a?¢/2), € is the photoelectron energy in
al., Zoff = Zas(1+ a’?¢) with Z,s = asymptotic charge of
ion (here Z,s = 1) and the phase shift dy represents the

sum
ZeH
A ) + e

where ¢y is the short-range phase shift.

Experiments using polarized excited atoms allow one
to determine in addition the ratio of the reduced matrix
elements [23-25] which is connected with the partial cross-

sections 0?0 (w) wvia the formula:

5 = arg I ( (9)

lo+1)j
2 a|Dan [P [Zi0 @)
| Dyy—1 Z o(fo 1)]( )

_ ’ (o + 1|CD[o){e (b + Dldlnoto) | (10)

(to — 1{|CW1lbo){e(to — 1)]d|noto)

as well as the phase shift difference A(e) = dgy41(e) —
0go—1(¢). In the figures we shall present the quantity
v(e) = |Dq4(e)/Ds(e)| and A(e). We note that the calcu-
lated ratios of the radial integrals (ed|d|np) /{es|d|np) in-
volved in the reduced matrix elements have negative signs
for all the considered alkali atoms Ak(np) near threshold.

2.2 Atomic orbitals

In computing the atomic orbitals (AOs) entering the
matrix elements in equations (2-5) we accounted for rela-
tivistic and many-electron effects. To take into account
relativistic effects we used the Pauli-Fock approxima-
tion [19,20] which is known to be sufficient to describe
the influence of the relativistic compression of the atomic
core on the position of the Cooper minimum in photoion-
ization of ground state alkali atoms with an accuracy of
some hundredth of an eV even for heavy atoms, e.g. in
the 6s-cross-section of Cs [4]. In the Pauli-Fock approach
the mass-velocity H™ and Darwin HP, terms are included
in the self—cons1stent solution of the Hartree-Fock equa-
tions. These terms have spherical symmetry and there-
fore do not change the usual nonrelativistic configuration,
however, allowing one to take into account the relativistic
compression of the atomic core which is found to be con-
siderable for the atoms with Z > 36 [2,20]. The following
term describing the spin-orbit interaction was included in
computing the AOs for the optical np-electron:

HSQ () = % (j+1)—€(€;-1)—s(s+1)
9 -1
1+ %(W — Ve () ldvgi(” (11)

where all energies are measured in Rydberg units; a =
1/137.036 is the fine structure constant and V,(r) de-
notes the local part of the Hartree-Fock (HF) potential.
In the calculation of V,,,(r) it is sufficient to use only the

monopole terms in the Coulombic expansion (contribution
of other terms was found to be 0.5% for Xe).

The influence of many-electron effects on the AOs of
the mp-optical electron and the ef-photoelectron waves
was taken into account by including the core polariza-
tion potential V.5 (r) (CP) in the PF equation [4]. The
CP approach corresponds to the first step of a large scale
multi-configurational calculation or, in other words, ac-
counts for the influence of the high-lying configurations
on the single-electron PF AOs. The AOs for the optical
electron were obtained via solution of the following equa-
tion:

2 (r+1)
<—m + 2 + VnZ(T)

— Xne (’I“)

+ ()+H()+HW(H-&W>ﬂMﬂ=

€ntj (1) Prej ()

where the V,¢(r) and X,(r) are the local and nonlocal

Hartree-Fock potentials and H™(r), HD,(r), Hséoj (r) are
the relativistic corrections mentioned above. The expres-
sion for computing the core polarization potential V.5, (r)
has been derived in [4] applying the variational principle
for the total energy of an atom written with the second
order correlational corrections. As a result an expression
for the product V.5, (r) ® Pn¢(r) was obtained [4]. To have
the possibility to compare our core polarization potential
with the potentials used in earlier work [5,6,8,10,11] we

construct the local form of this potential V5

(12)

2" (r) by simply
dividing the product V,%(r) ® Pne(r) by the AO Ppy(r):

Vie(r) @ Pre(r)

Vn(ép (T) = Pné (T)

(13)

The potential V'SP (r) is almost independent of the prin-
cipal quantum number n. Moreover, the n independent
potential V,F(r) can be used for the calculation of the
continuum AOs because singularities of V.S () associated
with the nodes of P,¢(r) are not critical for the computa-
tion of P,e(r) in view of the fact that the nodes in P,,(r)
and in V5, (r) ® Pne(r) appear at essentially the same dis-
tance 7 [4]. To compute the potentials V,F(r) we used
the AOs of the s-, p-, d-, f-, g-, and h-channels. Each
channel contained the AOs of discrete states with a mean
radius smaller or equal to 50 a.u. and AOs of continuum
states with energies from 0.001Ry to 100Ry. The poten-
tials V,°F(r) for the s-, p-, and d-channels are listed in
Figure 1 together with the AOs used in equation (10).
The core polarization potentials allow us to compute the
theoretical corrections AIP(np)ry for the PF ionization
potentials of np-electrons I P(np)pr using the formula:

AITP(np)ri = /OOO Prp(r)Vy (1) @ Ppp(r)dr. (14)

The corrections computed via equation (14) are docu-
mented in Table 1 together with the full theoretical value
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Table 1. Ionization potentials IP [eV] of the optical np-electron and relative difference dorLy between the cross-sections,

calculated in length (o1) and velocity (ov) gauge.

Na® K®) Rb© Cs(©
IP(np; 2)Exp 3.03682 273073 2.61641  2.50707
IP(nps)s)exp 3.03469 2.72358 2.58695 2.43837
IP(np)Y, 3.03539  2.72596 2.59676  2.46127
IP(np)u 3.044 2733 2605 2482
ATP(np)$), 0.066  0.132  0.148  0.185
dov|[%] D, PF +2 +25 +27 +25
Sorv (%], CIPF -2 +10 +10 +5
Sorv[%]®, CIPFCP -5 +4 +3 -3

@ Data from [51]. ™ Data from [52]. ) Data from [53]. (¥ Averaged over IP(nps/2) and IP(npy/2). ©AIP(np)ri = IP(np)ru—
IP(np)pr. OValues dorv = 2(01, — ov) /(oL + ov) are calculated at the photoelectron energy € = 4 eV.
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1
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Fig. 1. (-dependent core polarization potentials V,°F (r),
equation (13), and atomic orbitals Pp¢(r) used for the “local-
ization” procedure. Thick solid line represents the core polar-
ization potential V' (r), equation (15).

for the ionization potential IP(np)ru = IP(np)pr +
ATP(np)rn and experimental values of IP(np)gxp aver-
aged over the fine structure components of the np-electron.
With inclusion of correction (14) the calculated values

IP(np)ru agree with the measured ones to within about
20 meV. The values of AIP(np)ry and IP(np)Tn listed
in Table 1 differ somewhat from the results of paper [4].
The reason for this difference is connected with the fact
that in the present work we used the selfconsistent core
AOs obtained in the (n — 1)p®np configurations whereas
in paper [4] the (n — 1)p®ns configurations were used.

In Figure 1 we also show the potential for the
potassium atom which represents the main part of the
semiempirical core polarization potential used in pa-
pers [5,6,8,10,11]. This potential has the form:

(1 — exp [f(r/rf]) ,

where the ag = 6.07 a.u. and r. = 2.36 a.u. are the
dipole polarizability of the ionic core and cut-off radius.
The value of ag was obtained by us using the asymptotic
behaviour of the potential (15) [4] and the value of r. is
chosen such that potential (15) produces the correction
AIP(np)ra = 0.132 eV (see Tab. 1). The core polariza-
tion potentials (13, 15) differ at small radii: while poten-
tial (15) goes to zero for r/r. < 1, our potential (13)
reaches a constant nonzero value at small distances.

ad

CP(.\ _
V) = ot

(15)

2.3 Calculations within different approximations
and gauges

In this section we present the results of calculations for
the total photoionization cross-sections o(e) and for the
ratio v(g) of the reduced matrix elements (10), as per-
formed within the PF, CIPF and CIPFCP approximations
for the particularly interesting case of potassium. The PF
approximation uses the upper pathway of the scheme (2)
only. The CIPF approach uses the PF AOs and all the
pathways indicated in scheme (2). The CIPFCP approach
is similar to CIPF, but the core polarization potential is
taken into account in the computation of AOs in accor-
dance with equation (12).

The results of the calculations are documented in
Figure 2 for the length (solid lines) and velocity gauges
(dashed lines). The PF cross-sections oy, (PF) and oy (PF)



I.D. Petrov et al.: Near threshold photoionization of excited alkali atoms 57

ID,/D|

V=

O/

| ' | ' | ' | ' | '

I T I T I T I T I T

8 - -
3 —o— PF A)
= —o—CIPF
= 7
6 CIPFCP .
% & —a— CIPFCP*
[
S 4} o 2T—ao
I3 D/D p—"07"==1
[¢D] -DDD/D -
%) B0 gm0 TR
& 2 oo © o=
o |  TTTe-Trs
S
U - -
0 | L | L | L | L | L
0 1 2 3 4 5

Photoelectron energy € (eV)

Fig. 2. (A) Photoionization cross-sections o and (B) ratios v of
the reduced matrix elements, calculated for the K(4p3,2) atom
in different approximations. PF, CIPF and CIPFCP tag the
Pauli-Fock, configuration interaction Pauli-Fock and configu-
ration interaction Pauli-Fock with core polarization potential
approximations, respectively. CIPFCP* tags the approxima-
tion where the CP potential of the form (15) has been used.
Solid and dashed lines represent the length and velocity gauge
results, respectively.

differ in length and velocity gauges considerably, e.g. the
relative difference dory = 2(o1, — ov)/(oL + ov) between
oL(PF) and oy (PF) amounts to 25% at € = 4 eV. When
intershell correlations are taken into account according to
scheme (2) (CIPF) the relative difference dory is reduced
to 10% and the cross-sections increase slightly. The inclu-
sion of the core polarization potential (CIPFCP) has a
remarkably strong effect on o and v for K(4p) atoms: the
near-threshold cross-sections increase by a factor of two.
This rise is connected with the d-partial channel and due
to the strong sensitivity of the d-AOs on the potential (see
also Sect. 4.3). As a result the ratio of the reduced ma-
trix elements v also increases strongly when core polar-
ization is included. Within CIPFCP the difference doryv
goes down to 4%. For clarity in subsequent figures, we
present our theoretical results in one gauge only, namely
in the velocity gauge. In Table 1 we summarize the rela-
tive differences dopy between the cross-sections in length

and velocity gauges for all alkali atoms, as obtained at
e=4¢eV.

In Figure 2 we have also included cross-sections o and
ratios v calculated with use of the semiempirical core po-
larization potential (15) labelled CIPFCP*. These curves
lie somewhat lower than those calculated in the CIPFCP
approximation. This finding stems from the different be-
havior of the potentials (13, 15) at small radii.

3 Photoionization experiment for K(4p3>)

In connection with the development of a new, intense laser
photoelectron source, based on the CW laser photoioniza-
tion of excited potassium atoms [13,14], we have carried
out experimental studies of the polarization-dependent
photoionization cross-section and of the electron angu-
lar distributions for laser-excited K(4ps/2) atoms in the
threshold region. In this paper we report results ob-
tained at three selected photoelectron energies, namely
e = 0.013, 0.214, and 0.808 eV. The underlying experi-
ments will be briefly described in this section; details can
be found in [14] and will be published in a future paper.

A well-collimated beam of ground state K(4s) atoms,
emerging from a differentially-pumped, resistively-heated
stainless steel oven, is excited on the potassium D2 line
K(4s, FF = 2 — 4dp3;p, ' = 3) by an actively stabi-
lized, weak single mode laser (767 nm) in a magnetically-
shielded region. Alternatively, we have also used a more
efficient excitation scheme by simultaneously pumping
the two K(4s, F' = 1 — 4pgp, F = 2) and K(4s,
F = 2 — 4ps5, F = 3) hyperfine transitions with a
quasi-two-frequency laser, which is also long-term stabi-
lized to the resonance transition; for this purpose the car-
rier of the EOM generated two-frequency laser is locked to
a Doppler-free crossover signal as obtained by saturation
spectroscopy in a potassium cell. The excited K(4ps/2)
atoms (density about 108/cm?) are photoionized by a tun-
able dye laser (Stilbene 3, 455420 nm, bandwidth about
40 GHz, power typically 100 mW) or by a selected UV
line (351 nm) from an Ar ion laser. The alignment in the
K(4ps3/2) state is monitored by angle-resolved fluorescence
detection [14]. Test measurements (a) with single mode
and (b) with two-frequency excitation show that optimal
alignment in the K(4ps/;) state is difficult to reach as
a result of (a) hyperfine pumping and (b) the presence
of the K(4p3/2, F' = 2) state. Relative photoionization
cross-sections for K(4ps,2) atoms have been measured over
the photoelectron energy range 0-0.22 eV for parallel and
perpendicular linear polarizations of the two lasers un-
der conditions of known alignment of the K(4ps,5) atoms.
The cross-sections increase weakly with rising electron
energy [14]. From the polarization dependence of these
data and extended measurements at three photoelectron
energies (0.027, 0.201, 0.809 eV) we extract the ratio
v = |Dq/Ds| of the reduced electric dipole elements Dy,
Dy for the d- and s-wave continua and the ratio of the par-
tial d-wave and s-wave cross-sections oq/0s = |Dq/Ds|?
(see Tab. 2). Absolute cross-sections are determined
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Table 2. Characteristics of photoionization of K(4p3,2) atoms near threshold.

(b) Ratio v = |Dq/Ds| of reduced matrix elements

for d-wave and s-wave photoelectron emission.

photoelectron

(a) Total cross-section o. ) .

energy [eV] experiment theory
photoelectron o [Mb] o [Mb] 0.027 1.92(10)* 1.74
energy [eV] experiment theory® 0.029 1.70(20)¢ 1.75
0.013 6.8(10) 6.2 0.201 2.22(11)* 1.97
0.214 7.3(11)* 6.7 0.209 2.07(11)¢ 1.99
0.809 7.0(10)* 6.9 0.809 2.75(14) 2.60
0.910 7.6(11)° 6.8 0.809 2.64(20)¢ 2.60

(c) Cosine of phase difference dq — ds for photoelectron emission into d- and s-wave.

photoelectron energy [eV] experiment? QDT® theory®
0.029 —0.94(5) —0.901 —0.978
0.209 —0.86(5) —0.782 —0.893
0.809 —0.58(5) —0.543 —0.611

a: Present work (ions); b: [32]; ¢: present work (CIPFCP); d: present work (photoelectron angular distribution); e: present work,

using quantum defects given in [54].

at three photoelectron energies (0.013, 0.214, 0.809 eV)
on the basis of the following measurements:

(i) determination of the K(4s) density in the photoion-
ization region (767 nm excitation laser blocked) from
the known potassium beam geometry and a measure-
ment of the atom flux with a Langmuir Taylor detec-
tor (rhenium ribbon) [14];

(ii) determination of the excited state fraction from

measurements of the saturation curve (resonance

fluorescence and/or photoionization current wersus
intensity of excitation laser);

determination of the beam overlap integral using the

beam scanning method (see, e.g., [26]);

absolute measurement of the photon flux of the ion-

ization laser with a calibrated thermopile detector;

(v) absolute measurement of the total photoion or total
photoelectron current under conditions, well charac-
terized through measurements (i) to (iv).

The absolute cross-sections reported in Figure 6A cor-
respond to unpolarized K(4ps/,) atoms (n = 54.7°). In
addition, we have measured photoelectron angular distri-
butions for polarized K(4ps/,) atoms at three selected
energies (0.029, 0.209, 0.809 eV) by detecting a small
fraction of the electrons in a space-fixed direction per-
pendicular to both the atomic beam and the two anti-
collinear laser beam directions and rotating the two linear
polarization directions simultaneously with combinations
of computer-controlled half-wave plates and polarizing
prisms, while keeping the angle n between the two polar-
ization directions fixed at either = 0° or n = 90°. Similar
photoionization experiments have been previously carried
out by our group for laser-excited Ne(3p, J = 3) and

Ar(4p, J = 3) atoms and described in detail in refer-
ences [25,27,28].

The polarization dependent ion data and the electron
angular distributions were analyzed on the basis of for-
mulae, given explicitly in [27,28] for photoionization of
atoms with total angular momentum J = 3, resulting
from the coupling of two subsystems ¢ (i = 1, 2) which
both possess angular momenta j; = 3/2. In the present
case ¢ = 1 corresponds to the excited 4p (j1 = 3/2) elec-
tron and i = 2 to the nuclear spin of *K (j» = 3/2).
We assume the nuclear spin to be frozen in the pho-
tolonization process (see the corresponding discussion in
the literature [29]); moreover, we neglect — as corrobo-
rated by the theoretical results — the effects of spin-orbit
coupling which could result in a difference between the
phase shifts for the dz/; and the d5/; waves. Thus we
obtain simplified formulae [25,27,28] which only contain
the relevant two reduced matrix elements Dg and Dy, the
phase shift difference dq4 — s and — as an experimental pa-
rameter — the effective quadrupole alignment of the 4ps /o
electron. The alignment was determined from the angular
distribution of the resonance fluorescence using formulae
given in [29]. For the analysis of the ion data we used
equations (18, 19) from [27]. The electron angular distri-
butions were analysed on the basis of formulae (6a, 6b)
in [28] in conjunction with equations (A10a—A10e) in [28].
We note a printing error in (A10a) where the third term
should read +(1/v/2)vcos A. We also mention that the
sign of the ratio v in [28] (due to the use of the pseudo-
standard phase convention in [28] for which the ratio
(d||C*Ip) /(s||C*||p) is negative) is defined to be oppo-
site to the sign of our ratios v (which are negative near
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Fig. 3. (A) Photoionization cross-sections o and (B) ratios v of
the reduced matrix elements for the Na(3p;,2) atom over the
photoelectron energy range 0-4 eV. PF, CIPF, and CIPCP:
present calculations (velocity gauge); [a]: quantum defect the-
ory [30]; [b]: central field calculation with core polarization
potential [8]; [c]: laser-atomic beam experiment, uncertainty of
absolute scale £25% [15].

threshold). This aspect is taken into account in the com-
parison of our theoretical ratios cos(dq—ds) with the values
derived from the experiments (which yield the sign of the
product v cos(dg — ds)).

4 Results and discussion
4.1 Photoionization of Na(3p3/2) atoms

In Figures 3 and 4 we present the results for photoion-
ization of Na(3ps3/2) atoms over the photoelectron energy
range ¢ = 0—4 eV and ¢ = 0—1.5 eV, respectively. In
good agreement with previous calculations (central field
with core polarization CFCP [8] and Hartree-Fock with
core polarization HFCP [10]) our total calculated cross-
sections (Figs. 3A and 4A) are found to drop rapidly with
rising energy. The early quantum defect theory calcula-
tion [30] produces cross-sections of about the right size,
but the energy dependence is too weak. The effects of con-
figuration interaction and core polarization are found to
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Fig. 4. (A) Photoionization cross-sections o and (B) ratios v
of the reduced matrix elements for the Na(3p3/2) atom over the
photoelectron energy range 0-1.5 eV. Our theoretical results,
computed in the CIPFCP approximation (velocity gauge), are
compared with other calculations and measurements. [a]: cen-
tral field calculation with core polarization potential [8]; [b]:
Hartree-Fock calculation with core polarization potential [10];
[c]: cross-sections from electron-ion recombination data [31];
[d]: laser ionization experiment [23], absolute scale adjusted
to theoretical cross-sections of Aymar et al. [8]; [e]: pulsed
laser ionization experiment [24]; [f]: ionization with monochro-
matized synchrotron radiation, uncertainty of absolute scale
+25%; [g]: saturated ionization with pulsed laser [32].

be small for photoionization of Na(3p). The different ap-
proximations PF, CIPF and CIPFCP yield cross-sections
(as shown in Fig. 3A for the velocity gauge) which differ
by no more than about 10% in absolute size. Weak de-
structive interference between direct photoionization (up-
per pathway in (2)) and photoionization through the inner
2p-shell (lower FISCI channel in (2)) is observed; for the
other alkali atoms this interference is a constructive one.
The behaviour of the cross-sections in the sodium atom is
connected with a relatively strong delocalization of the d-
wave at small energies which “covers” both the 2p- and the
3p-AOs. The d-partial wave contributes the dominant part
to the cross-section near threshold but with rising energy
the first node moves into the range of the 3p-AQ, thereby
decreasing the respective matrix element; at ¢ = 2.8 eV
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the cross-sections connected with s- and d-partial waves
become equal (Fig. 3B).

Energy dependent experimental cross-sections were
first derived from electron-ion recombination data by
Rothe [31]; they are in rather good agreement with
the CIPFCP calculations. Later, Preses et al. [15] used
a CW multimode dye laser for 3s—3pz/; excitation
and monochromatized synchrotron radiation for ionizing
Na(3ps/2) over the range ¢ = 0—-2.1 eV. The absolute
scale of the experimental cross-sections was established in
a different measurement, using two pulsed lasers (pulse
lengths of about 7 ns each) [15]; the authors estimate
an uncertainty of +25% for the size of the cross-section
near threshold. The effects of a possible initial state po-
larization were not discussed for either experiment. We
note that the energy dependence of the cross-sections
measured in [15] is somewhat steeper than that shown
by the calculations in the range ¢ = 0—1 eV; at ener-
gies € > 1.6 eV the experimental cross-section rises again
(Fig. 3A) in contrast to the trend shown by all the calcu-
lations. Possibly the measurements were influenced by an
unnoticed systematic error at the shortest wavelengths (<
240 nm). In later work [32] the same group determined an
absolute cross-section of 3.7(7) Mb at the photoelec-
tron energy ¢ = 0.47 eV (solid square with error bar
in Fig. 4A); this value was obtained with a saturation
method which does not require knowledge of the atom
density. Effects of initial state polarization were found to
be below 5% by varying the angle between the polariza-
tion directions of the two linearly-polarized pulsed lasers.
The earlier result 4.8(12) Mb at ¢ = 0.47 eV [15] agrees
with the latter [32] within the experimental errors. The
comparison between theory and experiment in Figure 4A
shows that the experimental uncertainties in the absolute
cross-sections have to be reduced further to allow a critical
test of the different theoretical results.

In Figures 3B and 4B we present the ratio v = |Dg/Ds|
of the reduced electric dipole elements Dy and Dy for elec-
tron emission into the d-wave and s-wave. For electron en-
ergies below about 3 eV the d-wave cross-section o4 = D3
is larger than that for s-wave emission o5 = D2. Two
groups have studied the ratio v experimentally. Duong
et al. [23] used anticollinear lasers to excite Na(3s, F' = 2)
atoms to the Na(3pz/e, ' = 3) state with a stabilized,
circularly-polarized single frequency laser and to ionize the
excited atoms with pulsed coherent UV light, obtained by
frequency doubling of a laser-pumped, temperature tun-
able parametric oscillator. The UV light was also circu-
larly polarized, and the sense of rotation was chosen identi-
cal with or opposite to that of the exciting laser. A guiding
magnetic field of a few tenths mT along the propagation
directions of the lasers was applied. Photoions were ex-
tracted by a weak electric field (2 V/cm) and detected
with an electron multiplier. From the ion count rates,
measured for parallel (Sy) and antiparallel (S_) circu-
lar polarizations, the ratio p = S1/S_ = 60q/(04 + 1005)
and therefrom the ratio oq4/0s = v?> = D3/D? was ob-
tained over the range ¢ = 0—0.5 eV (see also discus-
sion in Sect. 4.3 for similar experiments on Rb(5ps/s)).

The results of Duong et al. [23] are in good agreement
with the theoretical values of Aymar et al. [8], but are
lower than our CIPFCP data and the results of Laughlin
[10] computed in HF approximation with inclusion of
core polarization (HFCP) (Fig. 4B). The open circle at
e = 0.64 eV is due to Hansen et al. [24] who used two
pulsed lasers (a dye laser with 4 ns FWHM for 35—3ps,5
excitation and a nitrogen laser (337 nm) with 7—10 ns
FWHM for ionization) and detected the photoelectrons
in an angular-resolved way for several angles n between
the electric vectors of the two linearly-polarized lasers. In
their data evaluation they took the effects of the coher-
ently excited hyperfine structure on the time evolution of
the excited state into account. Their ratio v = 1.29(12) is
significantly lower than all the calculated values and the
value extrapolated from the results of Duong et al. [23];
it is likely that the low v value of Hansen et al. [24] re-
flects a systematic error, possibly associated with the non-
trivial influence of the hyperfine structure. From their an-
gular distributions, Hansen et al. [24] also extracted the
quantity cos(dq — ds) where dq — s is the difference be-
tween the phase shifts of the two final electron continuum
waves (we note that the effect of spin-orbit coupling which
results in a difference between the phase shifts for the ds/,
and the d5 /o waves is negligible, therefore in Figure 5 (left
side) we document the results for the phase shifts averaged
over the total angular momentum of d-electron). Their re-
sult cos(dq — ds) = 0.81(9) is a little below our theoretical
result cos(dq — ds) = 0.918. We note that an estimate of
cos(dq — ds), based on the quantum defect theory expres-
sion for the phase shift 0, = arg I'(¢ +1—1i/k) + e, yields
the result 0.92 at € = 0.64 eV in close agreement with our
calculation; here, k is the electron momentum in atomic
units and u, represents the extrapolated quantum defect.

In Figure 5 we present the energy dependence of the
phase difference A = §q — &5 (left side) and of the angular
distribution parameter 3 which describes the photoelec-
tron angular distribution involving unpolarized excited
Ak(nps)2) atoms. Note that the phase difference calcu-
lated within the PF and the CIPF approximation are iden-
tical because of the absence of an imaginary part in the
transition amplitude (2) in the considered photoelectron
energy range. In Figure 5 we show the phase differences
calculated within the CIPF approximation. To our knowl-
edge, experimental results for the quantity cos(dg — ds)
are only available for Ak = Na (see above) and K (see dis-
cussion in Sect. 4.2). For Na(3p) the CIPF and CIPFCP
phase differences are nearly identical, and the (-values,
calculated in the three approximations, only differ signif-
icantly for ¢ > 2 eV. For the heavier alkali atoms the
energy dependences of both A and 3 exhibit similar trends
(monotonous rise with energy). The results for K(4p)
appear to be most sensitive to the approximation used
(see also Sects. 2.3 and 4.2).

4.2 Photoionization of K(4p) atoms

In contrast to the situation for Na(3p), the theoretical re-
sults obtained for K(4p) in the different approximations
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Fig. 5. Phase difference A = §4 — ds (left side) and electron
angular distribution parameter 3, calculated in different ap-
proximations for excited alkali atoms.

(PF, CIPF and CIPFCP), are found to differ substan-
tially (see Fig. 6). The inclusion of core polarization is
very important and raises the CIPF cross-section near
threshold by more than a factor of two. Therefore pho-
toionization of K(4p) atoms provides a good test for the
quality of theoretical descriptions. In Figure 6A we include
results obtained with three different ways to account for
core polarization (the central field with core polarization
due to Aymar et al. [8] (CFCP), our CIPFCP approach
and a modified CIPFCP calculation (labelled CIPFCP*)
in which a core polarization potential (15) was used as
constructed along the lines proposed by Norcross [6]).
These three descriptions yield similar shapes of the cross-
section; near threshold the respective absolute values dif-
fer by less than 20% and are found to be in satisfactory
agreement with the most recent experimental measure-
ments. Burkhardt et al. [32] used a saturation method
and obtained 7.6(11) Mb at ¢ = 0.79 eV (open circle).
Our experimental cross-sections (see Tab. 2), obtained
with the procedure outlined in Section 3 and presented
for the case of unpolarized K(4ps/;) atoms in Figure 6A
(filled dots), are in very good agreement with the CIPFCP
calculations and with the value measured by Burkhardt
et al. [32]. In Figure 6A we did not include the early ex-
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Fig. 6. (A) Photoionization cross-sections o and (B) ratios
v of the reduced matrix elements for the K(4ps/2) atom over
the photoelectron energy range 0-5 eV. PF, CIPF, CIPFCP,
CIPFCP™: present calculations (velocity gauge), see text; [a]:
quantum defect theory [30]; [b]: central field calculation with
core polarization potential [8]; [c]: saturated ionization with
pulsed laser [32]; [d]: CW laser ionization, ion data (present
work); [e]: CW laser ionization, photoelectron angular distri-
bution data (present work).

perimental results reported by Nygaard et al. [33] at four
wavelengths in the range 450-250 nm (¢ = 0.03—1.82 eV).
Near threshold these authors obtained about 5 Mb, a value
compatible with our result within the respective error lim-
its; towards higher energies their cross-sections are found
to decrease rapidly and reach a value of about 0.3 Mb
at 250 nm, which appears far too low. We attribute this
behaviour to limitations in signal-to-noise ratio and/or
unnoticed systematic errors at shorter wavelengths (see
also the discussion of the Cs(6p) cross-sections due to
Nygaard’s group [34] below). In conclusion of this subsec-
tion we note that the earlier quantum defect theory (QDT)
calculation of Moskvin [30] which yielded unexpectively
good results for Rb(5p) and Cs(6p) (see Figs. 7 and 8),
produced cross-sections for K(4p) which lie above those
due to PF and CIPF, but significantly below CIPFCP
and the experimental results.
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Fig. 7. (A) Photoionization cross-sections o and (B) ratios v
of the reduced matrix elements for the Rb(5p3,2) atom over
the photoelectron energy range 0-5 eV. PF, CIPF, CIPFCP:
present calculations (velocity gauge); [a]: quantum defect the-
ory [30]; [b]: central field calculation with core polarization
potential [11]; [c]: laser ionization at 440 nm [36]; [d]: laser ion-
ization of trapped atoms at 413 and 407 nm [37]; [e]: laser ion-
ization of trapped atoms at 476.5 nm [38]; [f]: laser ionization
at 476.5 nm using circularly-polarized exciting and ionizing
lasers [39,41] (see text for details).

In Figure 6B we present the ratio v of the reduced ma-
trix elements. The CIPFCP results are closest to our ex-
perimentally derived ratios. We note that the polarization
dependent ion data and the electron angular distribution
experiments yielded identical results for the ratio v within
the respective uncertainties (Tab. 2). The consistency of
the CIPFCP results and the experimental values for both
the absolute cross-sections and the ratios v demonstrates
that our approach is capable to account for the effects of
core polarization in a realistic way. We attribute the strong
influence of core polarization, as mirrored by the large dif-
ference between the CIPF and the CIPFCP results, to the
fact that for the atomic number Z = 19 the collapse of
the d-orbital to smaller radial distances starts to occur
(see, e.g., [35]); correspondingly a proper description of
the bound and free d-electron wave functions requires the
inclusion of rather weak interactions beyond those taken
into account in the CIPF calculations.
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Fig. 8. (A) Photoionization cross-sections ¢ and (B) ratios v
of the reduced matrix elements for the Cs(6ps/2) atom over
the photoelectron energy range 0-2.7 eV. PF, CIPF, CIPFCP:
present calculations (velocity gauge); [a]: quantum defect the-
ory [30]; [b]: central field calculation with core polarization
potential [5]; [c]: local density approximation [48]; [d]: laser
ionization of a statistical mixture of Cs(6p;,2) and Cs(6psz/2)
atoms at 488 nm [49]; [e]: ionization with monochromatized
Hg—Xe lamp [34]; [f]: laser ionization of trapped atoms; cross-
sections derived from number of atoms in trap [50]; [g]: laser
ionization of trapped atoms; cross-sections derived from trap
loss rate [50].

From fits to the electron angular distributions mea-
sured at three photoelectron energies we determined the
quantity cos(dq — ds). The results are listed in Table 2
and compared with the CIPFCP results and QDT values.
Good agreement is observed with the CIPFCP results.

4.3 Photoionization of Rb(5p3,2) atoms

In Figure 7A we compare theoretical photoionization
cross-sections for unpolarized Rb(5p3/2) atoms with
available experimental data [36-38]. The effect of core po-
larization is seen to raise the cross-section near threshold
by about a factor 1.77 relative to the CIPF results. Good
overall agreement is observed between our CIPFCP results
and the central field with core polarization (CFCP) cal-
culations of Aymar et al. [11], both for the cross-sections
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(Fig. 7A) and v-values (Fig. 7B). Three different types of
model potentials were tried in [11], using the dipole opera-
tor in length (or modified length) form; the cross-sections
near threshold were found to lie between 12.5 and 14.0 Mb.
In Figure 7 we present the results of model (iii) in [11]
which may be considered the most appropriate. The early
semiempirical calculation of Moskvin [30] happens to co-
incide with the CFCP (iii) results [11].

The first experimental cross-section was reported by
Klyucharev and Sepman [36]. They used a HeCd laser
(440 nm) to ionize Rb atoms in a vapour cell, ex-
cited to the two Rb(5pi/3/2) resonance states with
unpolarized light of an unfiltered rubidium resonance
lamp. The Rb(5p) density was determined by an absorp-
tion method. Their cross-section 9.6(20) Mb (1o uncer-
tainty) is somewhat low in comparison with the CIPFCP
and CFCP results. More recently, three measurements
have been carried out on photoionization of cold, trapped
Rb(5ps3/2) atoms [37-39]. In a pioneering experiment,
Gould’s group [37] demonstrated the virtue of using cold
atoms in a magneto-optical trap for quantitative photoion-
ization studies. They determined the loss rate of Rb atoms
from the trap in the presence of ionizing light (intensity
about 1 W cm™2) at the two wavelengths 413 and 407 nm
(Kr ion laser; ¢ = 0.413 eV and 0.460 eV). From the
corresponding photoionization rate, the fractional popu-
lation of excited Rb(5p3/2) atoms and the intensity of
the ionizing light they determined the cross-sections as
13.6(12) Mb and 12.5(11) Mb, respectively; these values
are close to the CIPFCP and CFCP results. We note
that this experiment deals with an effectively unpolar-
ized sample of excited atoms Rb(5p3/2) atoms due to spa-
tially varying polarizations of the trapping laser beams
across the photoionization volume [40]; no variation of the
angular-resolved fluorescence from the trapped atoms was
observed when a linear polarizer was rotated in front of
the fluorescence detector [40]. In another experiment on
trapped Rb atoms, Gabbanini et al. [38] measured a pho-
tolonization cross-section of 14.8(22) Mb close to thresh-
old (¢ = 0.04 V) from the change of the filling rate of a
magneto-optical trap with and without a photoionizing Ar
ion laser (476.5 nm). This value is in good agreement with
the CIPFCP and CFCP results. In a subsequent experi-
ment, Gabbanini et al. [39] used a time-resolved method
to determine the polarization dependence for photoioniza-
tion of Rb(5ps/2) atoms, oriented with circularly-polarized
light and ionized by (nearly) collinear, circularly-polarized
light with the same sense of rotation in the atom frame
(signal S;) and with opposite sense of rotation (signal
S_) as the orienting laser. The trapping and orienting
lasers were alternatively switched on and off by acousto-
optical modulators for intervals of 1.2 ms and 0.8 ms,
respectively. The ionizing laser was switched on for the
last 0.4 ms of the orientation phase. Photoions were de-
tected with a channel electron multiplier. From the com-
parison of the theoretical ratio p = S, /S_ = 612 /(v*>+10)
[23,25,39] (valid for complete orientation of the Rb(5p3,2)
atoms and clean circular polarization of the ionizing light)
with the experimental ratio p = 2.22 + 10% [41] they

deduced a ratio of the d-wave to s-wave cross-section
v? = 04/0s = 10p/(6 — p) of 5.87(93) [39,41]. This ratio
corresponds to a ratio of the respective reduced E1 matrix
elements v = |Dq/Ds| = (04/0s)"/? of 2.42(20), some-
what below the ratios obtained in the CIPF and CIPFCP
calculations (Fig. 7B). The CIPFCP result v = 2.75 at
e = 0.04 eV corresponds to a ratio p = 2.584 which is
close to the maximum value p = 2.5 found in the intensity
dependent measurements of p [39].

4.4 Photoionization of Cs(6p3/2) atoms

Photoionization of excited Cs(6p) atoms has been stud-
ied for some time. Quite early, experimental work on
electron-CsT recombination yielded information on the
reverse process of photoionization [42-44]. Later, theo-
retical cross-sections were generated by use of quantum
defect theory (QDT) [30,45], followed by central field cal-
culations with inclusion of core polarization [5,46] and
by computations within Hartree-Fock [47] and the lo-
cal density approximation [48]. An absolute experimen-
tal value of the photoionization cross-section for a sta-
tistical mixture of Cs(6p;/2) and Cs(6p3/2) was reported
at 488 nm [49]. Subsequently, the wavelength dependence
of the cross-section for both Cs(6p) fine-structure levels
was measured by Nygaard et al. [34]. They used a fil-
tered Cs resonance lamp for excitation and monochro-
matized light from a mercury-xenon lamp (wavelength
range 500 to 250 nm) for ionization. They normalized
their relative cross-sections to the central field calcula-
tion with core polarization (CFCP) of Weisheit at 436 nm
(0(6p1s2) = 17.5(18) Mb, o(6ps;2) = 16.5(12) Mb
[5,34]). More recently, cold Cs atoms in a magneto-optical
trap (MOT) were used to study the photoionization of
Cs(6p3/2) from threshold to 423 nm (photoelectron ener-
gies 0-0.5 eV) [50]. Cross-sections were obtained in two
ways:

(i) the change in the atom loading rate into the trap due
to photoionization was observed;

(ii) the steady-state value of the number of trapped atoms
as a function of the intensity of the photoionization
laser was determined.

In both cases, the intensity of the photoionization laser
and the excited state fraction of Cs(6ps/s) relative to
Cs(6s1/2) have to be known in order to determine the
absolute photoionization cross-section.

In Figure 8A we compare previous results for the pho-
toionization cross-section of Cs(6ps/2) atoms with our the-
oretical calculations on the Pauli-Fock (PF), configuration
interaction Pauli-Fock (CIPF) and the CIPFCP level. We
note that the central field calculation with core polariza-
tion of Norcross [46] and the Hartree-Fock calculation of
Msezane [47] (not shown in Fig. 8A) practically coincide
with the CIPFCP and CIPF cross-sections, respectively.
To explore the reason for the unexpected coincidence of
the HF [47] and the CIPF cross-sections we also carried
out a HF calculation which yielded the same result as [47].
We conclude that the decrease of the PF cross-sections
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(relative to HF) due to the relativistic compression of the
AOs is practically compensated by the constructive inter-
ference of the additional CIPF pathways in scheme (2).
The CIPFCP and the central field calculation with core
polarization of Weisheit [5] agree to within 10% near
threshold; the values due to the early QDT calculation
(which did not consider the influence of fine-structure) [30]
lie in between. The other calculations including the PF
and CIPF methods yield somewhat lower cross-sections
which actually tend to be in better agreement with the re-
cent experimental MOT results of Marago et al. [50]. The
significant deviation of the CIPFCP results from the MOT
data may indicate that the latter cross-sections are some-
what low on average in view of the fact that the CIPFCP
approach has worked very well for the other alkali atoms.
To our knowledge no experimental determinations of the
ratio |Dq/Ds| (Fig. 8B) have been reported to date.

As for the other alkali atoms, more accurate exper-
imental results of the total and partial photoionization
cross-sections for excited Cs(6p) atoms are needed to pro-
vide a stringent test of the theoretical calculations.

5 Concluding remarks

The effect of core polarization, induced by the outer
valence/continuum electron, on near-threshold photoion-
ization of excited alkali atoms Ak(np) (Ak = Na—Cs;
n = 3—6) has been investigated theoretically by com-
parison of results for the total and partial cross-sections
obtained in three different approximations, namely Pauli-
Fock (PF), configuration interaction Pauli-Fock (CIPF),
and configuration interaction Paul-Fock plus core polar-
ization (CIPFCP) calculations. The core polarization po-
tential has been computed with a novel approach, recently
described and applied to ground state alkali atoms and
metastable rare gas atoms [4]. While for Na(3p) CIPF and
CIPFCP yield results rather close to those of the single
particle PF approximation, the situation is quite different
for the heavier alkali atoms K(4p), Rb(5p), and Cs(6p).
The effects of configuration interaction (CIPF) raise the
cross-sections by about 20% relative to the PF results;
even more importantly, core polarization effects are found
to strongly increase the cross-sections (mainly in the d-
wave channel) by up to a factor of two near threshold.
The influence of core polarization is most pronounced for
K(4p) and attributed to the collapse of the d-orbital to-
wards smaller distances which starts to occur for atomic
number Z = 19 [35] and thereby produces a large sensi-
tivity to comparatively small interactions. The theoretical
results are compared with available experimental data,
including recent results for cold Rb(5ps/2) [37-39] and
Cs(6ps/2) atoms [50] in a magneto-optical trap and laser-
excited, polarized K(4ps3/3) atoms in a collimated atomic
beam [14].

Generally, good agreement is found between the cal-
culations which incorporate core polarization effects and
the experimental results. The experimental uncertainties,
however, are often too large to allow a sensitive test of

the different advanced theoretical approaches. It is de-
sirable to produce experimental benchmark cross-sections
with uncertainties below about 5% over extended energy
ranges, e.g. by using monochromatized synchrotron radia-
tion to photoionize samples of excited Ak(np) atoms with
well-characterized density and polarization.
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