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The absolute photoionization cross sections ‘ofahd B* ions have been measured from 45 to 140 eV,
covering the region of d ionization where a large maximum, also known as a “giant resonance,” occurs in
the cross section. For both ions, the maximum cross section appears near 90 eV and is measure(B)o be 23
Mb and 244) Mb, respectively. This is significantly larger than that previously reported for atomic iodine, and
only slightly smaller than the values calculated using the random-phase approximation with exchange.

PACS numbg(s): 32.80.Fb, 32.80.Gc, 32.80.Hd

Photoionization experiments of singly and multiply iting the smallest value of 27 Mb. The close correspondence
charged atomic ions are of considerable intefg@s2], moti-  between these calculations and earlier calculatidrgs17]
vated by fundamental and applied aspects. Information aboutsing an entirely different theoretical method emphasizes the
photoionization is of importance for atomic theory to test thesignificant deviation from experiment and calls for measure-
description of structural and dynamic effects along iso-ments of the cross section for the ions and P, since
nuclear or isoelectronic series, and to provide essential datzliable absolute photoionization cross sections can be ob-
for the modeling of astrophysical and plasma phenomendained for these ions, in contrast to neutral iodine.

Data reported for multiply charged ions have so far only Relatively few absolute cross-section data exist for neu-
been concerned with relative cross sections and identificatiotral atoms, due to difficulties in determining the target den-
of the many autoionizing lines resulting from excitation of sity. Apart from the noble gases, for which an absorption cell
inner-shell electrond1,3,4], but absolute photoionization can be used, since the pressure can be measured sufficiently
cross sections are important in guiding theoreticalaccurately, and isolated cases where heat pipes can be ap-
development. plied for metal vapor$18-2Q, the absolute cross sections

This Rapid Communication reports a new step in multiplyfor other atoms are inferred from various normalization pro-
charged ion physics, providing an absolute photoionizatiorcedures. Sum rules have been applied in the case of vapor
cross-section measurement for a multiply chargednin  discharge measuremenl], and calibration against a pho-
addition, when combined with our absolute photoionizationtoline of known cross section has been applied in an electron
cross-section measurements for the long-standing contro- spectroscopy experimeff2], but such methods are prone to
versy between experiment and theory concerning the oscillssystematic errors. For ions, the target can be provided in the
tor strength of the d° subshell in atomic iodine and its ions form of a beam and therefore the target density can be mea-
can be resolved. Very recently, attention was called to thesured directly. Consequently, the absolute photoionization
significant difference, a factor of 3, between experimentaktross sections for ions are much more reliable. The main
data and calculations of the photoionization cross section fdimitation is the rather low target-ion density, at least six
atomic | and its ions, T and P*, using the random-phase orders of magnitude lower than that for neutral species. Thus
approximation with exchange over a broad energy regiormuch higher photon flux is needed, combined with a long
from 40 to 136 eV, a region that is dominated by the so-interaction path length.
called 4d giant resonance. This intense resonance is related The experimental setup has been described in some detail
to the delayed onset ofdd— ef transitions to the continuum, before[23,24], so only brief details are given here. The ex-
as a result of the centrifugal barrier that must be overcomgeriments were performed using the merged-beam apparatus
by the escaping electrdif]. For the case of Xe, this peak
was observed some time aj®,8], and its cross section is EL M1 D (2+)

well known [9,10]. 1 EL, D (34) ' FG
Experimental values for the absolute photoionization D (44)
' [ [ [ 100 cm
cross section of a_tomlc | are available from two mdepe_nden MO ED
studies. Photoemission measurements of thé sdbshell in UN B M2
CHsl [12] were normalized to an absolute photoabsorptior———1—# = PD

measurement for Cii{13], and a maximum cross section of IC

11 Mb near 90 eV was obtained. A value of 6.5 Mb from a FIG. 1. Schematic drawing of the experimental setup. I, ion
photoelectron spectroscopy study of laser produced | atomg,rce: EI, Einzel lenses: M1 and M2, deflection magnets; ED,
has been reportefd4], where the measurements were Nor-gjectrostatic deflector; IC, interaction chamber; D, detectors for
malized to absorption data foy [15]. These two experimen- 2.4 (3+), 3+(4+), and 4 ions from photoionization of
tal values clearly deviate significantly from the maximum 1+ (2+) ions; FC, Faraday cup for-4(2+) ions; UN, undulator
cross section calculated very recerjth}, where values close (not in scalg; MC, Miyake monochromatofnot in scal¢; PD,

to 30 Mb for I, I, and P* were obtained, the latter exhib- calibrated Al photodiode.
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shown in Fig. 1. A low-energy2—4 keV) collimated ion 50

beam of I or 1" jons was merged with a monochromatized

photon beam from an undulator on the University of Aarhus g a0r

storage ring ASTRID over a distance of about 50 cm. After =

the interaction region, the photoionization yields, the primary .S sor

beam and the photon beam, were separated by a magnet; ‘g sk

they were subsequently measured by particle detectors, a @

Faraday cup, and a calibrated photodiode, respectively. The @ 1ol

I" and P* target ions were produced in a plasma-type ion 8

source, using gaseous,Kl; only their ground-state con- 0

figurations, 41'%5s25p* or 4d'%s?5p3, respectively, both

possessing three terms, are expected to have been populated Photon energy [eV]

significantly. In the case of the Itarget beam, the yields of
2+ |3+ + + +
ilon’s Ivve’reapgccr:r d(le?jnii %ﬂi;ﬁgoggﬁ% t\g Peerfialr?(r::%rl:e- leading to formation of3" (dashed ling I*" (dotted ling, and f*

. . . g A (insert, solid ling ions. In addition, the sum of the three cross
sponding to single, double and triple photoionization andSections is giverisolid line)
single and double ionization, respectivelyThe absolute '

photoionization cross sections were determined from the

count rates of the various product ion detectors, the curren?slefggnes/m\';ﬁg)rgélsntthh:;?jtéizocna;ei’ng;gaasppela;gg/e (;:)acl)rgennal
and velocity of the primary beam, the photodiode current, th% '

- _1 e -
interaction length and the effective beam size, together wit gac?r:glsblijttse?ngiirgumtrzaegsrltsla%nzl\/-r;ne d tﬁil ;r\(/)sliesz(';)tg);
the detector and photodiode efficiencies. The photodiode et- .

b. The resonance structure seen near 47 eV is due to the

ficiency was obtained with a noble-gas ionization chamber’ ™. " . .
containing 10—60 mtorr Néthe data were extrapolated to exqtatlon of 4'1_elec.trons to $ orbitals, followed by exci-
: - .~ _tation to 6 orbitals just above 60 eY27].
zero pressupeand using Ne photoabsorption cross section“ . ) Fe .
Figure 3 shows the partial photoionization cross sections

[11]. The two-dimensional ion- and photon-beam profiles, ' > . . " i
were determined by five sets of beam scanners. Below 8?r I#" leading to the formation of’f and f'* together with

eV, the photon beam was in general filtered for higher-order
radiation by Al(45—70 eV} and Si(70—85 eV foils, the only 30 ' ' ' '
exception being thév+12" photoionization cross-section
data between 50 and 85 eV. They were measured without
foil and therefore are slightly influenced by second-order ra-
diation; the resulting additional error due to this is expected
to be less than 10%. Above 85 eV, the flux of higher-order
radiation was insignificant.

The data were recorded with an accumulation time of
10-30 s/channel, a photon flux ef103photons/s, and an
ion current of 120 nA for T and 25 nA for ¥*. The photon-
energy resolution was about 100 meV at 45 eV and increased
with the photon energy, approximately B8?, thus becom-
ing 400 meV at 80 eV and 1.0 eV at 115 eV. The photon-
energy scale was calibrated using autoionizing resonances in
He and Kr, which were observed in a noble-gas ionization
chamber; the required resonance energies were obtained
from Refs.[25,2€6. The background signal from extraneous
processes was generally much smaller than the signal due to 30
photoionization in the double-ionization channel, but the two
signals were comparable in the single-ionization channel.
The systematic uncertainty in the absolute cross-section mea- 20 T
surements is estimated to be 15%, both for the continuum
and for the resonance peaks.

Figure 2 shows the partial photoionization cross sections
for 1" ions leading to loss of one, two, or three electrons \J
together with the total photoionization cross section in the 0 50 20 100 e e
energy interval 45 to 140 eV. The spectrum is dominated by Photon energy [eV]
the large 4l-ionization peak. Production of1 ions is the
main contributor to the total cross section, accounting for FIG. 3. Absolute cross section for photoionization &f fons
more than 90% of the total cross section, with a minor con4eading to #* (bottorm) and F* (middle) and the sum of these two
tribution from one-electron emission and hardly any three-cross sectiongtop).
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FIG. 2. Absolute cross section for photoionization 6fibns,

Cross section [Mb]
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the sum of these two cross sections. The dominant process ieported here clearly deviate from those previously reported,
the region around the cross-section maximum is again thand we attribute this to the normalization procedures used in
emission of two electrons, which accounts for more tharthe previous works. The measured cross section#orap-
90% of the total cross section. The maximum value appeargears to be slightly smaller than predicted from the random-
at nearly the same energy foi'las for I' beams, and the Phase approximation calculatiof§]. This might be due to
cross section is also almost the same, determined to (# 24 the neglect of relaxation effects. Calculations for photoion-
Mb. The photoionization spectra of'l ions exhibit a much ization of the I ion [29] have shown that taking relaxation
more pronounced resonance structure in the 70-80-eV ré&ffects into consideration reduced the calculated Cross sec-
gion than that observed for' | This structure, most notice- 10N by approximately 30%. Relaxation effects fordnd P

able in the #* product channefloss of one electronis due ions are calculatef30] to reduce random-phase approxima-

) SEo ;
to 4d—nf transitions, a process which becomes of increasJ—[Ion values by 10-15%, Igadmg to a very good agreement
between theory and experiment.

@ng _importance with th? increasing charge_sta’;e of the pro- In order to check our data, we have performed a similar
jectile ion. The cha_nge n the_charge on the lon influences thﬁhotoionization cross-section determination for'He the
effect of the centrifugal barrier, moving oscillator strength region of 54.4—140 eV. Because this cross section can be

from t_he ef_continuum into the d|scret_ef spectrJLer, ”1'3 calculated very accurateligee, e.g.[31]), the measurement
effect is well known and was first seen in the Ba, BB’ can be used to examine the accuracy of our experimental
sequence{z_E_S]. In our experiment, we can see that_ the 4 method. The obtained Hecross-section data differ from the
—nf transitions mainly result in the prod_uct_lon _o"f*l]ons, theoretical ones by less than 10%, thus giving confidence in
especially for the lowen values, whereas ionization into the 14 ross sections we have measured for the iodine ions.
4d™*ef continuum primarily leads to production of'l via The present investigation has demonstrated the value of

Auger decay. We note that our observations are also in googdysqyte photoionization cross-section measurements that do

agreement with similar observations recently reported fornot have to rely on any normalization procedure. By chang-

multiply charged Xe iond1]. The sharp structure in the ing the ion source used it will be possible to extend the

double-photoionization cross-section data between 85 and §Qosent measurements to still higher charge states, with di-
eVis expected to be artificial and is probably related to theeet relevance to a number of astrophysically important
energy dependence in the photodiode efficiency. issues.

The absolute photoionization cross sections foahd P+
are the same within the experimental error of 15% for the 4  The present research is part of the research program of the
giant-resonance structure, as one would expect from the rékarhus Center for Atomic Physics, which is financially sup-
cent theoretical study5]. The experimental cross sections ported by the Danish National Research Foundation.
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