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The angular distributions of photoelectrons in a pump-probe scheme using linearly polarized XUV
radiation for measuring the lifetime of odd singlet excited states of C III are theoretically inves-
tigated via density matrix formalism. The structure calculations have been performed within the
Dirac-Fock-Slater model-potential method in conjunction with the distorted wave approximation
for continuum states. General analytical expressions are provided for the angular distributions
of photoelectrons in terms of statistical tensors. We show that the alignment build-up in the
intermediate states drastically increases the anisotropies in the angular distributions of photoelec-
trons due to the fourth-order Legendre polynomial contributions caused by ed electrons forming
coupled states of total angular momentum J = 2. These calculations may be useful for a better
understanding of pump-probe results.
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1. Introduction

The lifetime measurement of ultra-short-lived energy levels belonging to highly charged heavy
Be-like ions has been proposed via an XUV pump-XUYV probe scheme [1]. The ions, in their ground
state 152252 155, are excited to the desired level 15*2snp lP‘l’ with n = 2 — 5 using the linearly
polarized pumping pulse, followed by a controlled temporal delay during which they undergo
radiative decay. In the probing stage, the resulting ionic ensemble interacts with a secondary
linearly polarized pulse and, depending on the photon energy, is either excited to a higher bound
level or ionized. By measuring the population of 1s?2snp IP? levels for different temporal delays,
the decay curve can be determined. In a previous paper [2], we showed that the anisotropies in
the fluorescence angular distributions are strongly enhanced by the alignment of the intermediate
state created by the linearly polarized pumping pulse. By choosing the quantization axis along the
electric field of the linearly polarized pump and probe pulses, we obtained an enhanced asymmetry
parameter corresponding to the second-order Legendre polynomial as well as a new contribution
of fourth-order in the fluorescence angular distribution. However, since the analysis was performed
within the electric dipole approximation, the fourth-order contributions are automatically neglected,
as they require quadrupole (or higher) transitions, which are significantly weaker.

If the probing pulse has high enough photon energy to ionize the excited Be-like ions, the
second- and fourth-order Legendre polynomial contributions will manifest in the angular distribution
of photoelectrons. In contrast to fluorescence, where the rank-four statistical tensor of the excited
bound state couples to the photon density matrix only via weak higher-order multipole transitions
(L = 2), the rank-four tensor of the ionized state arises from electron d waves or higher (I > 2)
generated in strong, non-negligible bound—free transitions.

Photoionization of Be-like ions just above the first threshold from 1s?2snp lP‘l’ leads to Li-like
state 15225 28 1 n coupled with es or ed electronic orbitals to form states of total angular momentum
J =0, 1,2 as per the electric dipole selection rules [3]. The key difference compared to the angular
distribution of fluorescence is that the np — ed transition is quite prominent leading to enhanced
fourth-order Legendre polynomial contributions [4] in the photoelectron angular distribution.

This paper is structured as follows. The next section contains the general density matrix
analytical calculation where we determine the angular distribution of photoelectrons based on the
statistical tensors approach. The third section provides explicit results for the photoionization of
Be-like C I11 ion from 15*2snp lP‘l’ levels. The fourth section gives the concluding remarks.

2. Density matrix approach

We consider the pump (photoexcitation)-probe (photoionization) scheme [1] in the following.
The incoherent pumping of an atomic system by linearly polarized light leads to an ensemble of
excited ions described by the density matrix [2]:

Pb = Z <T,Io(ab1b)>fko(0!bfb) (1)
K=0.2

where the statistical tensor was previously deduced in equation A26 of an earlier work [2]. The
k = 2 contribution corresponds to the existence of a non-zero alignment in the bound states given by
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Asr(apdp) = <T;O(abjb)> / <7A"Jo(abjb)>. During the delay stage, the interaction with the vacuum
electromagnetic field fluctuations leads to radiative decay I, of the bound states. Assuming a
photon beam p,, of same linear polarization as the pumping pulse acts on the ensemble of excited
atoms, the density matrix describing the system prior to the interaction is given by [2]:

=10 14p), ® py, )

We now extend the statistical tensor approach [4, 5] to relativistic continuum states. Only direct

Pa

channels are considered. The ionized states are described in the spherical basis |a; J;, €x; JM ) where
a;J; is the "threshold" state containing N — 1 electrons, ek is the photoelectron of energy € and
relativistic angular momentum « = (I — j)(2j + 1), and J is the total angular momentum of the
system with projection M. The statistical tensors corresponding to the ionized states are given by:
(J’ J K

<f“;<Q(e'/<’J'; 6KJ)>=Z(_1)J/_M, M -M-Q

M'M

(K] {a:Jy, €K' M |pa(0t2)|arJy, ex; M) (3)
where we only considered the first ionization threshold and p,4(5¢,) = U(512) pal (512). By using
angular momentum algebra and Wigner 3 symbol sum rules [4, 5], we arrive at:
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The final ensemble is then given by the density matrix:
pr= Z / de/ de’ Z <T;20(€KJ, e'K'J')> Tro(ex], €K' ®)
K=0,2,4 k!

containing C IV ions with their corresponding photoelectrons. The photoelectrons’ reduced density
matrix is extracted by taking the trace over all available C IV ion states:

pre= ), (@diMilpslaM;) (©)
ay Jy M,

Performing the angular couplings and connecting the spherical channels to the plane wave expansion
leads to the angular distribution of photoelectrons:

Z <ﬁ0'|ﬁpe|ﬁo->: Z Z <7A’I_£Q(epl<],ep/<'J’)>l'l_l,ei(‘sk’_‘sk)(—I)J_J‘_zj_l/2
1
2

kJ,k"J" K=0,2,4
I I K||J J K
.y . 1 .y . PK(COSQP) (7)
J U 3 i g

where [ j] = 2j+1 is the multiplicity, €, is the energy corresponding to an electron of | | momentum,

o=+4
I I K
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and 0, . are the phase shifts. These results are applicable to any atomic system subjected to a
pump (photoexcitation)-probe (photoionization) scheme using linearly polarized pulses, provided
one has knowledge on the bound-free electric dipole elements and phase shifts. Next, we apply this
approach to the C 111 ion.
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Ao dp)=-V2; Aot de)=-V2; Fo(adp)=-V2; Ao dy)=-V2;

$3,=0.297396: 8,=-0.162536:; B,=-0.365407: B,=-0.623564;

B,=2.27092. $,=2.15100. [34=2.03355. B,=1.89229.
Ay Jp)=0; Az(apdp)=0; As(ayJp)=0; FAs(apJp)=0;
B,=0.728859; B,=0.618243; B,=0.5698533,; B,=0.543632;
B4=0. B4=0. B4=0. B4=0

I \
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Figure 1: Angular distributions of photoelectrons (¢ = 5.56¢V) in the photoionization of C /1] ion from
1s22snp 1P‘1’ states with n = 2 (left) to n = 5 (right). The top distributions are computed accounting for an
intermediate alignment Ay (apJp) = —v2, while the bottom distributions ignore the intermediate alignment
Az (apJp) = 0. The coordinate system is defined such that the pump and probe pulses are aligned along the
z-axis which is directed upwards. Only direct channels are considered for this photoelectron energy.

3. Results and discussion

The photoionization cross section of ions excited in state aJp is obtained by integrating the
rate over the solid angle, which is then divided by the photon flux:

Vo ]
op(€ep) = 471? KZJ: <TOO(epKJ)> T (8)
The angular distribution of photoelectrons can then be factorized into:
Op ( p)
Z (Pa|ppe|po) = [1+B2(€p) P2(c0s 6),) + Ba(€p) Pa(cos )] ©)
o==}

with the asymmetry parameters given by:

ﬂK(ep) =

Z <TJ0(EPKJ) ] o(epKJ’ pr/J/)> PUCHEY

kJ kJ, Kk J’
: I I K I I K J J K
(_I)J—J;—ZJ—I/Z (1., ], ). K] Lo L (10)
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The structure of C 111 ion has been computed using the Flexible Atomic Code [6]. In
order to highlight the importance of alignment build-up Az (apJp) = —V2 in the intermediate
levels 1s*2snp 1P?,
without the intermediate alignment in figure 1. Drastic anisotropy enhancements are observed due

we provide the asymmetry parameters and angular distributions with and

to the high values of 84 asymmetry parameters caused by the strong np — ed transitions. The
fourth-order Legendre polynomial contributions can only appear if triangular rules [7] for the total
angular momentum A(4JJ’) and for the partial waves of the photoelectron A(41!’) are respected
simultaneously, hence only the ed electrons forming a compund state of J = 2 can contribute.

It is worth mentioning that the sequential two-photon absorption from ground state J; = 0 to
final state J = 1 via intermediate J, = 1 level is strictly forbidden by the electric dipole selection
rules, as shown in our previous paper [2]. Since J = 1 coupled states are forbidden and J = 0
are less likely due to angular coupling, the J = 2 are populated the most, thus explaining the high
values for the 84 asymmetry parameters.

4. Conclusion

The statistical tensors approach has been extended for relativistic continuum electronic states in
order to determine the photoelectron angular distributions from sequential excitation and subsequent
ionization of highly-charged heavy ions in a pump-probe scheme using linearly polarized pulses.
High-order anisotropies associated with increasing orbital angular momentum of photoelectrons
are predicted when accounting for the alignment of intermediate states. We provided explicit
calculations for C III ion, but the analytical forms for the statistical tensors and asymmetry
parameters are generally applicable for other atomic systems.

References

[1] J. Rothhardt, M. Bilal, R. Beerwerth, A. V. Volotka, V. Hilbert, T. Stohlker, S. Fritzsche, and
J. Limpert, “Lifetime measurements of ultrashort-lived excited states in Be-like ions,” X-ray
Spectrometry, vol. 49(1), pp. 165-168, 2019.

[2] C.lIorga and V. Stancalie, “Angular Distributions and Polarization of Fluorescence in an XUV
Pump—XUYV Probe Scheme,” Atoms, vol. 13(1), pp. 1-17, 2025.

[3] C.Iorga, “Dynamical aspects of photoionization from the 1s>2snp lP‘l’ levels belonging to the
C III ion near the first ionization threshold,” Phys. Rev. A, vol. 107(3), p. 033115, 2023.

[4] V. V. Balashov, A. N. Grum-Grzhimailo, and N. M. Kabachnik, Physics of Atoms and
Molecules: Polarization and Correlation Phenomena in Atomic Collisions. Kluwer Aca-
demic/Plenum Publishers, first ed., 2000.

[5] K. Blum, Density-matrix theory and applications. Springer Series on atomic, optical, and
plasma physics, third ed., 2012.

[6] M. F. Gu, “Flexible atomic code,” Can. J. Phys., vol. 86, no. 5, 2008.

[7] L. P. Grant, Relativistic quantum theory of atoms and molecules. Springer-Verlag,New York,
first ed., 2007.



	Introduction
	Density matrix approach
	Results and discussion
	Conclusion

