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existence of quadrupole Cooper Minima
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Abstract. Calculations and measurements of the Xe 5s and 5p nondipole
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existence of quadrupole Cooper minima, i.e., minima in quadrupole matrix elements as
a function of energy, in the photoionization process. This verifies earlier predictions of
quadrupole Cooper Minima.
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Laboratory studies of nondipole effects in photoionization have seen a recent
renaissance owing to the unparalleled brightness of modern light sources that have
made such precision investigations possible [1]. Studies of low-energy nondipole effects in
atomic photoionization reveal information about quadrupole-allowed ionization channels
and the elusive quadrupole ionization process itself because the nondipole angular-
distribution parameters depend upon interferences between quadrupole and dipole
matrix elements [2, 3, 4, 5].

Atoms, owing to their relative simplicity, are the ideal target for these studies
because they generally allow for unambiguous interpretation of the results. In
addition, atoms are simple enough to perform calculations approaching exactness.
These investigations have significantly altered our understanding of nondipole effects
in photoionization [1, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19], which were
previously thought to be of importance only at photon energies of many keV [20, 21, 22].
Furthermore, the effects of correlation in the quadrupole photoionization channels in
the form of interchannel coupling and quadrupole ionization plus excitation (satellite)
channels were inferred as a result of combined experimental and theoretical studies [17].
In addition, for dipole photoionization, studies in regions of the well-known Cooper
minima [23], i.e., zeros or near-zeros in dipole matrix elements, have proved extremely
useful as benchmarks because the various photoionization parameters take on well-
defined values at these minima. Moreover, the quantitative details of matrix element
minima are extremely sensitive to many-body correlations. Similar considerations must
also apply for quadrupole Cooper minima.

In this letter, we report experimental evidence for the existence of a quadrupole
Cooper minimum, the result of a combined laboratory and computational investigation
of nondipole effects in Xe valence-shell photoionization. Note that quadrupole Cooper
minima have been predicted for some time [24], but without experimental confirmation.
This investigation is an example of how a combined experimental /theoretical study can
yield significantly more insight than the sum of individual experimental and theoretical
investigations.

The differential cross section for photoionization, including the lowest-order
nondipole contribution, is given by [3, 4, 25, 26, 27]

do o
where ¢ is the angle-integrated cross section, (3 is the dipole anisotropy parameter,

{1 + BPy(cos ) + (§ + y cos® §) sin 0 cos (;S} : (1)

Py(cos ) = (3cos?§—1)/2, and § and  are first-order nondipole asymmetry parameters.
The coordinate axes have the positive x-axis along the direction of the photon
propagation vector, the z-axis along the photon polarization vector, and 6 and ¢ are
the polar and azimuthal angles of the photoelectron momentum vector. The dipole
angular distribution parameter 3 depends only on ratios of dipole matrix elements,
along with cosines of phase-shift differences. The nondipole parameters v and o are
given by sums of ratios of quadrupole (Qy) to dipole (D;») transition matrix elements
multiplied by the cosines of their phase-shift differences [3, 4, 5, 25, 26]. Thus, when the
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dominant quadrupole matrix elements are small or zero, i.e, in the neighborhood of a
Cooper minimum in the dominant quadrupole channel, it is evident that the nondipole
parameters are near zero as well.

Specifically, for a transition in a closed-shell (or one-electron) atom nyk, — €k, 7y
is given (in atomic units) by [5]

1= IVIB Y < vl > o L2 S dsman. @
g Kor! JJ

where k (= wc, w being the photon energy and ¢ the speed of light) is the photon wave
number, & = 3 |D.|* (where we have assumed that the electric dipole cross section
overshadows the magnetic dipole(el) and electric quadrupole(e2) contributions), and &
is the imaginary part of (D,Q% ). The electric dipole and quadrupole amplitudes, D,

and Q. respectively, are given by
Dy, =i < ex||rCy|npry > €, (3)
Q=i < er!||r2Cy||npky > €% (4)

with 0.(d.) the continuum phase shift and ¢(¢') the continuum orbital angular
momentum. For initial ns-states, j,=1/2 and the expression for v reduces to

3k 6RYVRY cosAs s + 5RYRP cosAy s + 4R RP cosAs
y=20"3 3 272 7 3 22 7 3 22 (5)
2 2
> Ry +2RY
2 2
with R;l) and Rf) the absolute values of the radial part of the dipole and quadrupole
matrix elements, respectively, and A;; = 5](-1) — 55»,2), the phase shift differences

between dipole and quadrupole channels. Finally, in the nonrelativistic limit, where
the matrix elements and phase-shifts are independent of j, v reduces to the well-known
nonrelativistic expression [4]
2
v = Bk%cosA. (6)

Calculations have been performed for the 5p and 5s states of Xe using the relativistic
random phase approximation (RRPA) methodology which included coupling among all
of the single excitation channels from 5p, 5s, 4d, 4p and 4s subshells, a total of 21 coupled
relativistic dipole channels, and 25 coupled quadrupole channels. These calculations are
similar to those of reference [14], except here experimental thresholds are used to allow
for unambiguous comparison with experiment; otherwise, the calculations are entirely
ab initio.

Measurements on Xe over the 80-215 eV photon energy range were made at
Lawrence Berkeley National Laboratory’s Advanced Light Source (ALS). In the
experiment, electron analyzers were positioned at sets of angles that are sensitive to
different combinations of 3, §, and 7, and ratios of the photoelectron intensities yielded
values of v + 30. The measurement, performed on undulator beam line 8.0.1.3, used a
gas-phase time-of-flight (TOF) photoelectron-spectroscopy system designed specifically
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Figure 1. Xe 5s nondipole asymmetry parameter v (left scale) measured at the
ALS (large solid points) compared with our RRPA calculation (dotted curve) and
experimental data (small solid points) from reference [13]. Also shown is our calculated
RRPA quadrupole cross section (solid curve, right scale).

for soft-x-ray work at the ALS. A complete discussion of this apparatus is published
elsewhere [28]. A key characteristic for the present measurements is the TOF method
can measure photoelectron peaks at many kinetic energies and at multiple emission
angles simultaneously, permitting sensitive determinations of cross-section ratios and
electron angular distributions with minimal experimental uncertainty. It was important
to separate the Xe 5s, 5p, and satellite lines for accurate measurements of the 5p angular
distributions. Therefore, retarding voltages were applied to slow the electrons and gain
resolution. Helium 1s and neon 2s photolines were used to calibrate the analyzers
because the dipole and nondipole angular distributions are well known for helium 1s
and neon 2s [4]. They were also used to determine the degree of linear polarization of
the synchrotron light, which has been determined to be better than 99.9 %.

The 7 parameter for Xe 5s [15] measured at the ALS is shown in Fig. 1 along
with our RRPA results; § vanishes for s-states. Here relatively good agreement between
theory and experiment is seen, both in the region of the structure in the 130 eV to
180 eV range, and below 130 eV where the v parameter is essentially zero. The 7y
parameter for ns photoionization is proportional to the ratio of the quadrupole to dipole
matrix element, in a nonrelativistic formulation [4], as delineated above. Thus, the zero
value of v indicates the possibility of a minimum in the quadrupole matrix element.
The calculated quadrupole cross section is also shown in Fig. 1, and a quadrupole
Cooper minimum is predicted at a photon energy of about 87 eV, uncomplicated by any
resonance or interchannel structures, thereby serving to strongly suggest the zero value
of the v parameter is indeed the result of a quadrupole Cooper minimum.

Note however, even though the Cooper minimum in the quadrupole manifold
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Figure 2. Absolute values of the calculated Xe 5s dipole and quadrupole matrix
elements (upper panel) and cosines of the phase-shift differences (lower panel).

appears at 87 eV, the v parameter is near zero over a broad range from 75 eV to 125 eV,
as seen in Fig. 1. This occurs because the quadrupole matrix elements are continuous
functions of energy; the existence of the Cooper minimum depresses the value of the
quadrupole matrix elements and, thereby, the quadrupole cross section, over a broad
range in the neighborhood of the Cooper minimum. This behavior is well-known for
dipole Cooper minima [29]. The quadrupole cross section remains anomalously small,
compared to the dipole cross section, over a broad energy region. In fact, the calculation
shows the v parameter has a value of about -0.025 at 75 eV photon energy, then goes
through a zero around 87 eV, and rises to a positive value of 0.04 near 125 eV. Thus,
although the nondipole v parameter is only zero at a single energy in this region, the
values of v over the entire 75 — 125 eV region are so small they cannot be observed with
the sensitivity of the present experiment.

To understand this behavior in detail, it is necessary to scrutinize the individual
relativistic dipole and quadrupole matrix elements, along with the cosines of the phase-
shift differences as well. The relevant matrix elements and cosines are shown in Fig. 2,
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where it is seen both relativistic quadrupole matrix elements exhibit Cooper minima in
the 85 eV region; these result in the Cooper minimum in the quadrupole cross section
displayed in Fig. 1. Below the Cooper minima, at 80 eV, the cosines, shown in Fig.
2, are seen to be negative but of order unity, so the vanishing value of v is due to
the approach to the Cooper minima in the quadrupole matrix elements. Absent the
quadrupole Cooper minima, if the quadrupole and dipole matrix elements were the
same size with the cosines ~-1, then the value of v would be about 0.1, a value that
could be seen experimentally. In the narrow vicinity of the Cooper minima, the cosines
are seen to rapidly change sign; this is simply because the quadrupole matrix elements
become complex when interchannel coupling is included, so when the real parts of the
matrix elements go through zero, the cosines change sign. In contrast, the dipole phases
are relatively constant in this region.

Above the Cooper minima, Fig. 2 shows the cosines take on values of ~0.5. Thus,
when the quadrupole matrix elements ”recover” from the Cooper minima and are about
the same magnitude as the dipole, which occurs near 120 eV, the cosines suppress the
value of v so it is too small to be seen experimentally. Only when the quadrupole
matrix elements become at least a factor of two larger than the dipole, at around 130
eV, is a deviation from the zero value of 7 exhibited experimentally. In other words,
the measured zero value of v over the energy region from about 75 - 120 eV results from
the quadrupole Cooper minima, but the 120 - 130 eV region is due to a combination of
the quadrupole Cooper minima and the cosines of the phase-shift differences.

Above 125 eV, the dipole channel develops a Cooper minimum, which dramatically
reduces the dipole matrix element and cross section. This, in turn, causes the ratio of
the quadrupole to dipole matrix element to correspondingly increase, thereby producing
the structure in  above 125 eV shown in Fig. 1.

The results of the present measurement of the Xe 5p ¢ (= v + 34), and the
comparison with the RRPA calculation are shown in Fig. 3. Over the broad energy range
shown, agreement between theory and experiment is quite poor. Because it is known
that the integrated cross section, the dipole angular-distribution parameter (3, and the
5ps3/2:5p1/2 branching ratio are predicted quite well by the RRPA calculation [29], the
difficulty must be in the quadrupole channels. The quadrupole calculation, however,
includes all relevant single-ionization channels, along with the interchannel coupling
among them. Thus, the problem seems to be omission of multiple-excitation channels
within the quadrupole manifold, i.e., the absence of quadrupole satellite channels. But,
satellite channels typically are important only when the single-particle channels are,
for some reason, small. And, in this case, the 5p quadrupole single-ionization cross
section should not be small owing to the 5p — ef quadrupole transitions which should
be large because the f-wave is resonant in Xe, i.e., the f-wave is known from Xe 4d
photoionization to exhibit a strong shape resonance extending over a broad energy
range [29]. It is, therefore, difficult to understand how the (omitted) satellite channels
could be of importance; a situation that would require the bp — ef quadrupole
transitions to be anomalously small.
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Figure 3. Xe 5p nondipole asymmetry parameter ¢ (left scale) measured at ALS (large
solid points) compared with our RRPA calculation (dotted curve) and experimental
data (small solid points) from reference [31]. Also shown is our calculated RRPA
quadrupole cross section (solid curve, right scale)

Our calculations shed light on this conundrum. Although these transitions are
resonant, the RRPA results predict a quadrupole Cooper minimum in the 120 — 160 eV
photon-energy region, thereby causing the 5p quadrupole cross section to be anomalously
small over a broad range of energy, as seen in Fig. 3 where the 5p RRPA quadrupole
cross section is also shown. The quadrupole cross section is seen to reach a minimum
of about 20 barns; the structure in this region is due to interchannel coupling with 4p
quadrupole transitions. In any case, the disagreement between theory and experiment is
evidently due to the omission of the relatively strong satellite transitions leading to the
4d84 f excited states of Xe' [17, 30], engendered by the smallness of the 5p quadrupole
cross section owing to the Cooper minimum. As for Xe 5s, the nondipole parameter (
for 5p is close to zero in the range of the Cooper minimum. This result, thus, provides
further experimental evidence, albeit indirect, for the existence of a quadrupole Cooper
minimum.

Another measurement for Xe 5p has been reported [31] which disagrees with our
present results (and with theory). Over the past decade we have created a significant
body of measurements of nondipole effects on less complex systems [8, 10, 32] where
our results agree well with theory; in fact several different theoretical calculations agree
with each other and our earlier measurements [8, 10, 32]. Furthermore, our data show
excellent agreement with the results of another experimental group [15] that also has
many years of experience in the field [6, 7, 12]. For these reasons we have confidence in
our present experimental results, and not just because our error bars are smaller than
those of reference [31]. We do not have any explanation for the difference between our
present results and those of reference [31].
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In summary, clear indications of quadrupole Cooper minima are demonstrated
via a combination of theory and experiment, thereby confirming a prediction made
some time ago [24]. In addition, our results indicate insight can be gained from the
juxtaposition of theory and experiment that cannot be garnered from either alone.
Studies of quadrupole Cooper minima offer an excellent opportunity to understand
correlation in the quadrupole manifold. In the present investigation, for example, the
importance of quadrupole satellite transitions in a new case has been demonstrated.
Finally, atoms are merely the laboratory to study quadrupole phenomenology. These
results should be applicable to molecules, clusters, surfaces, and bulk condensed matter
as well.
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