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3p-photoionization resonances of atomic Fe, Co, and Ni studied by the observation of singly and
doubly charged photoions

H. Feist, M. Feldt, Ch. Gerth, M. Martirfs P. Sladeczek, and P. Zimmermann
Institut fir Strahlungs und Kernphysik, Technische UnivétsBarlin, D-10623 Berlin, Germany

(Received 23 August 1995

Using monochromatized synchrotron radiation and atomic beam technique the photoion spectra of Fe, Co,
and Ni in the region of the Bresonances were measured. For the interpretation of the spectra the photoion-
ization cross sections were calculated, taking into account strong interconfiguration mixing of the type
(3d,4s)N and the thermal population of the different fine-structure levels in the ground states according to the
temperature of about 1800 K for the evaporation of the metals. The calculations were performed in the
framework of overlapping resonances interacting with many continua. Good agreement of the main features
with the experimental results were obtained. Special emphasis is given to the discussion on the origin of doubly
charged photoions.

PACS numbd(s): 32.80 Fb, 32.80 Hd

[. INTRODUCTION starting from the thermally populated fine-structure states.
Special emphasis will be placed on the origin of doubly
The study of the inner-shell spectra of the Bietal atoms charged photoions.
has stimulated many experimental and theoretical investiga-
tions ([1], and references withjnFor the theory there is the
challenge of the opendshell atoms with their complex Il. EXPERIMENT
many-electron systems. For the experimentalist the techno-

logical importance of these metals and their compounds irt]ec-{]:(ia Sgp;nr(mﬁgt?i%Vgg_ﬁieﬁ?rrr::tﬂo\g'tg rtTﬁeaéggﬁ}gﬁaé?
many fields is a strong motivation. q g

The 3p-photoionizataion resonances in the region Ofsineg and doubly charged photoions. For the evaporation of
i : . .~ the metals w rucibl void the dir n-
30-80 eV, in particular, have attracted the interest of sment e metals we used 40, crucibles to avoid the direct co

. . ; . tact of the molten metals with the molybdenum or tantalum
tists. Meyeret al. [2] systematically investigated these reso-f,inaces that were heated by electron impact. The necessary

nances in al_)sc?rption and photoelectron emission. They fount%mperatures for the three elements Fe, Co, and Ni were of
that the majority of the observed strong resonances can Bfie order of 1800 K to obtain a particle density of about
attributed to P transitions into unoccupied B orbitals  10Yen? in the interaction region of atomic and photon
3p°®3dN—3p°3d"** with the subsequent emission of @ 3 pheam. For the excitation of the atoms the monchromatized
electron °3d""*—3p°3d""'s(p,f) as the main decay synchrotron radiation of the electron storage ring BESSY in
channel where both excitation and decay are governed by ti@erlin was used. The resulting photoions were extracted by
large overlap of the B and 3 wave functions. short electric pulse$120 V, 3-us width, 17-kHz repetition

For a quantitative analysis one has to take into accountate from the interaction region into a field-free drift tube
that the coupling properties of the unfilled 3hells give rise  after which they were detected by microchannel plates yield-
to a large number of discrete states that can interact with #ng the stop signals for the time-of-flight measurement. Elec-
correspondingly large number of continua. In addition, therdric fields between the atomic-beam source and the interac-
is a near degeneracy in energy of thé 8nd 4s orbitals, tion region were applied to clean the beam from the large
which results in strong configuration interactions of the typeamount of ions that are produced by the evaporation process
(3d,4s)N with 3dN—3dV " 14s—3dV"24s?. The difficul-  at such high temperatures and that would result in a nontol-
ties in the theoretical interpretation of the spectra have theierable background of the photoion signals.
counterparts in the experimental difficulties with the high
temperatures required for the evaporation and the chemical
aggressiveness of the liquid metals. The high temperatures . RESULTS
also cause the thermal population of several initial states,
which increases the number of transitions to be considered. A.Fe

In this paper, we present the spectra of singly and doubly The experimental results of the photoion yield spectra of
charged photoions of the elements Fe, Co, and Ni in tha&ingly and doubly charged Fe ions in the region between 50
region of 50—80 eV. For the interpretation of the spectra weand 70 eV are shown in the lower part of Fig. 1. The main
have calculated the respective photoionization cross sectiorisatures in the Fesignal are two broad resonances centered

at 53.5 and 56.2 eV in good agreement with the reg6Bs3
and 56.1 eV, respectivelyof the absorption measurements
“Present address: Max-Planck-Instituf r fiRadioastronomie, [2]. The same resonances are observed for tHé Bignal

D-53121 Bonn, Federal Republic of Germany. with a ratio of Fé": Fe"=0.20(2) in the region of the reso-
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FIG. 1. Lower part: Photoion yield spectra of Fe in the region of 30 SSPh E60 v 65 70
the 3p excitation and ionization between 50 and 70 eV. Upper part: oton Energy (eV)
Calculated cross section ford#s, and 3 photoionization of the
five initial states Fe 8%4s? D weighted according to their thermal FIG. 2. Calculated cross section fod 3ls, and 3 photoioniza-

population at 1800 K. TheBionization is separately drawn for the tion of the five initial states Fed®4s? °D. The vertical bars rep-

discussion of the & signal (see text Note that the energy scale resent the line strength of the discrete transitions. The sum of the

of the upper part is shifted. individual fine-structure contributions weighted according to the
thermal population at 1800 K is given on top in Figs. 1 and 2.

nances between 53 and 60 eV. Below this region the ratio

amounts 0.@L), above 60 eV it increases in steps to(@6t  3p°(3d,4s)‘e(p,f) for the 3d and 4 ionizations and to

62 eV. 3p°(3d,4s)8¢(s,d) for the 3p ionization.

For an analysis of these signals we have calculated the Atatemperature of about 1800 K, which was used for the
3d,4s, and J photoionization cross section in the region of production of the atomic beam of Fe the population of the
the 3p resonances. The calculations were performed in thénitial states is concentrated in the five fine-structure states
framework of the Mies formalismi4]. In this formalism the 3d®4s? °D (0-0.12 eV [3] with approximately 50% in the
Fano theory of isolated resonances interacting with manground stat€D,, 26% in the®D3, 14% in the’D,, 7% in
continua is extended to include the interaction of many reso2D;, and 2% in the’D,. The calculated photoionization
nances with many continua. In the Fano theory the width otross sections of these five fine-structure stal@s are
a resonancé’, is defined as the sum of all its partial widths shown in Fig. 2. These cross sections are weighted according
I', 5 into the set of open channe{s}. When the width of to their thermal population at 1800 K resulting in the final
adjacent resonances, however, begins to approach or exceedrve on top of Figs. 1 and 2.
the spacings, the overlapping of resonances must be consid- From a comparison of this final curve with the experimen-
ered. For resonances that are coupled to different chagnels tal results in Fig. 1 one can see that the main features with
their shapes merely superimpose. For resonances that afee two broad resonances are well reproduced although the
coupled to the same channels, however, profound interfepositions and the distance of these maxima in #fisinitio
ence effects can exist. These effects are introduced by th&lculation are shifted to higher energies. The large number
nonvanishing off-diagonal elements of an “overlap matrix” of individual resonances makes it impractical to list all tran-
between the continua to which neighboring states areitions. We, therefore, have plotted the line strengths of the
coupled. transitions as vertical bars below the cross sections. Although

Configuration interaction of the type @3#s)N was the line strengths usually can only be used in combination
taken into account by the configurationsp®3d®4s®  with the widths and asymmetry parameters of the resonances
—3p®3d’4s—3p°3d® for the initial states and for an evaluation of the individual contributions to the signal,
3p°3d74s%—3p°3d®4s—3p°3d°® for the excited states. it is sufficient here to consider their values for a rough esti-
The continua were restricted to the configurationsmation of the relative importance of the different transitions.
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The strongest transitions may be used for a tentative assign-
ment of the resonances although one has to bear in mind that 60 65 70 75
especially in the excited states there are strong deviations ' ' ' ]
from LS coupling and the_S notation is only used for con- Calculation-
venience describing the largest component in this represen-
tation. With this restriction the following assignment can be

made: The first resonance at the experimental position of
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53.5 eV is mainly caused byF transitions and the second 0d F

resonance at 56.2 eV P and®D transitions. In Ref[2] 02 [ o]

the °P transitions are related to the first resonance, but we ool 1 . , S direct ]

believe that the good agreement of experimental results and prerer e ]

theoretical calculations support tAB and®°D assignment to _1(g°l+)+1(‘3° " |
—I(Co™)

the second resonance. Because of configuration mixing of
the type (31,4s)N similar restrictions as for theS represen-
tation hold for the notation of the configurations. Neverthe-
less, one can say that for tAE and®D transitions the main

contributions are due to transitions p%Bd®4s? & .
—3p°3d’4s?, whereas for théP transitions strong mixing '
between $°3d’4s? and 3°3d®4s occurs. ]

For the discussion of the individual Fand Fé" signals
one has to consider the different decay routes. Photoelectron
spectra[2] show that in this energy range there are seven
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main photoelectron lines that can be assigned to the corre- | (Co™) / I(Co™) |
sponding Fé states (8,4s)’LS as 3°4s°D,’D, and N S S S PO
3d°4s? 5,G,*P,*D,*F with binding energies between 8 55 60 65 70 75
and 17 eV. These states cannot decay t0' K84.1 e\j so Photon Energy (eV)

the final products in these decay routes are singly charged

photoions. The Fe€ signal below the B threshold, there- o _ _

fore, must be connected with other proces¢astesonant or FIG. 3. Lower part: Photqlon yield spectra of Co in the region of

nonresonant double photoionization with the simultaneoud® 3 excitation and ionization between 53 and 75 eV. Upper part:

emission of two electrons, which by sharing the remainingcalcmated cross section ford34s, and 3 photoionization of the
P " ; five initial states Co @874s? *F weighted according to their thermal

energy give rise to a continuous background in the photo- : TS T

electron spectra ofb) the stepwise process by the decay Cncp.opulatllon at 1800 K. Themlonlzatlon is separately drawn for the

the highly excited Fe states into Fetates above 24.1 eV discussion of the C’% ;lgnal (see text. Note that the energy scale

with the subsequent Auger decay into?FeThis process of the upper partis shifted.

should be detected in the photoelectron spectra by the occug: , .
rence of satellite lines above 24.1 eV binding energy. As th Co signal are three resonances centered at 57.4, 60.6, and

photoelectron spectri2] do not exhibit such satellite lines 62.7 eV in good agreement with the resuli§.6, 60.4, 62.7

one may conclude that below the 3hreshold only process ﬁ;/r)moefs t?:n 1%5222:10?'1 Eigdsilgfnr:zlr{vﬁt.hT;?at?g?fe Crg:f&
(a) is responsible for the production of #e The large num- 9 :

g . o ;
ber of states connected with the coupling properties of theg’ (zle(_fsgélta%évls ratio increases above 66 eV in steps to
remaining 3 electrons and the widths of these states, how-" Similar to thé Fe signals we have analyzed the Co signal

ever, can lead to a quasicontinuous character of the satellii?

structure in proceséb) so that no clear distinction between c?/ostzes;(iligwstlep tr?; ttgr?] %?z:t’urzngf i%o%hoKt?;]c:amzc?tlglgtion
the two processes can be made. : P Pop

: L : of the initial states is concentrated in the four fine-structure
Above the 3 threshold direct B ionization with the sub- . X

sequent Auge:? decay of the Feﬁ’lstates to F& is pos- §tates 8’45’ °F (0-0.22 eV [.3] W'Eh approxwpatel)a 59%
sible. One, therefore, expects an increase of tifé Bignal in the gro.und st4atéF9,2, 24% in the"F 75, 11% n the'Fs,
above this threshold. The lowesp 3onization limit was es- gggfiGl(ﬁal[?o;rs]e&GF(%% 1538‘(30”]}')”% ? t\évsrgd ;er?érg?gnit;a_the
timated at 63.%) eV [5] and also the B ionization cross tion gnd to 35(3d 4é)gs(s 8) for the 3 ionization. The
section of our calculation starts at 63.5 é8g. 1 upper pait [ESONANCE are’ due 'to the  discrete tfan ition
although in thisab initio calculation the energy positions as % 3d 4 Sg 3p° 3dAtJ 0 Th lcul ItS 4 photoi sitions
in the case of the resonances may be shifted. We, thereforgp (3d.4s)"— >P (3d.4s) ™" € calculate % otoioniza-
cannot decide whether the stepwise increase of thé §ig- tibn cross sections of the four fine-structure stategin the

nal starting at 60 eV is connected with the successive oper{-eg_l'_%n ci)Lc?i(\)/;IS Ief\i/natetrdeﬁ)lcrted I?\tI:ilt?. ti4.n re weighted
ing of different 3~ channels or with the increasing ten- € ual ine-structure co utions are weighte

according to the thermal population at 1800 K with the result
gzznfy of resonances below thep 3hreshold to decay to of the final curve on top of Figs. 3 and 4. The comparison of

this final curve with the experimental results in the lower
B Co part of Fig. 3 shows good qualitative agreement with the
: main features of the three groups of resonances although the
The photoion yield spectra of Caand C&™ in the region  positions of these resonances in #ieinitio calculation are
of 52.5—-75 eV are shown in Fig. 3. The main features of theshifted to higher energies.
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FIG. 4. Calculated cross section fod3ls, and 3 photoion-
ization of the five initial states Cod84s? *F. The vertical bars
represent the line strength of the discrete transitions. The sum of tht
individual fine-structure contributions weighted according to the
thermal population at 1800 K is given on top in Figs. 3 and 4.

FIG. 5. Lower part: Photoion yield spectra of Ni in the region of
e 3p excitation/ionization between 55 and 80 eV. Upper part:
alculated cross section fod#s, and 3 photoionization of the
six initial states Ni 2184s? 3F and 3%4s 3D weighted according
to their thermal populations at 1800 K. The 3onization of both

. - . . configurations is separately drawn for the discussion of tHe" Ni
Th_e_ vert|ca_l bars indicate the Iln_e stre_ngth of the dlscrett-:‘siglnal (see text Note that the energy scale of the upper part is
transitions. With the same reservation with respect toltBe g ifteq.

and configuration notation as in the case of Fe one can use

the strongest transitions for a tentative a_tssignment .O.f thg ifted as in the case of the resonances. Similar to the case of
resonances: The resonance at the experimental position BL2+ \we cannot decide whether the increase of thé Co

57.4 eV is mainly caused G transitions, the resonance at _; ; ; ; :
" ’ signal above 66 eV is connected with the successive openin
60.6 eV by*F transitions, and the resonance at 62.7 eV by g b g

4 e 4 . ) of the different ! channels in this region or with 8
D transitions. ThéG and“F transitions are mainly due to ; ;

hy hich I
3p®3d’4s?>—3p°3d®4s?, whereas for the’D transitions resonances which predominantly decay td'Co

strong mixing between (3d®4s? and 3°3d%4s occurs.
The discussion of the Go signal raises the same prob-

lems as for the P& signal. Below the3p threshold direct The photoion yield spectra of Niand N?* in the region

double ionization to C (24.9 eV} or stepwise decay of of 55—80 eV are shown in the lower part of Fig. 5. There is

highly excited Co states into Caostates above 24.9 eV with one resonance at 65.0 eV with a shoulder at 64.6 eV and a

subsequent Auger decay into £ oshould be responsible for second resonance at 68.2 eV in good agreement with the

the C&" signal. The distinction between these two processesesults(65.0, 64.2, 67.7 e)of the absorption measurements

by the detection of a continuous electron distribution or g2]. In contrast to Fe and Co the ratio of NNi* does not

discrete satellite structure above 24.9-eV binding energyexhibit a constant value in the region of the resonances but

however, cannot be made at present by the experimental dasibowly rises from a value of 0.18) at about 68 eV to 0.38)

of the photoelectron spectf&]. Above the $ threshold the at 80 eV.

possibility of direct 3 ionization with the subsequent Auger  The analysis of the Ni signals is complicated by the fact

decay of C" 3p ! states to Ct" should increase the &6 that at 1800 K the initial states of both configurations

signal. The ® ionization limit was estimated at ¥D eV [5]  3d®4s? °F (0-0.27 eV and 3%s 3D (0.023-0.21 eY[3]

and the calculated onset of the diregt Bnization is also at  are populated: 824s? 3F, (42%), °F5 (11%), °F, (4%), and

70 eV (see Fig. 3, although one has to keep in mind that in 3d%4s® °D; (28%), °D, (11%), °D; (4%). The important

these ab initio calculations this energy position may be difference of both configurations is the unfilled 4ubshell

C. Ni



764 H. FEISTet al. 53

[ 3
20 L Tz 410
| 0.275eV
4% =~ o
= 3 ~ w
=3 = %
= 4 R [}
2 0 00 3 g 0 1 0. 03
32} & @ =
w ~
2 | ol165ev ! g g 0109ev Jos E
(=} b ° N,
S ol 1% 1 3 O o L11%
L ‘ 01— | ‘ 0.0
D3
2 -
0.025eV
[ 28% 41
10
0 — T T T T T T T T T 0 0 IR N I N [N PR R RS 0
60 65 70 75 80 60 65 70 75 80
Photon Energy (eV) Photon Energy (eV)
FIG. 6. Calculated cross section fod3ls, and 3 photoion- FIG. 7. Calculated cross section fod3ls, and 3 photoion-

ization of the three initial states Nid84s? 3F. The vertical bars ization of the three initial states Nid34s 3D. The vertical bars
represent the line strength of the discrete transitions. The sum of th@present the line strength of the discrete transitions. The sum of the
individual fine-structure contributions weighted according to theindividual fine-structure contributions weighted according to the
thermal population at 1800 K is given on top of Figs. 5 and 6.  thermal population at 1800 K is given on top of Figs. 5 and 6.

of 3d%s, which enables transitions of the type-3-4s.
Whereas for the configurationd84s? the resonances are
mainly due to the transitionsd§4s?— 3p®3d®4s?, in case
of 3d%s one has to consider both types of transitions:

3d®4s? 3F (top of Fig. § by an amount of 0.9 eV so that the
dominant resonance of thei®s 3D contribution nearly co-
incides with the first resonance of thel®ts? 3F contribu-

5 20 5 o YB tion. (This shifting is justified because the mismatch of en-
3d°4s—3p°3d74s and 3"4s—3p”3d”4s”. ergy positions of states form different configurations is a
The calculation of the @ 4s, and P photoionization  general problem in the Hartree-Fock calculatiofhe reso-
cross section was performed in the same way as for Fe anghnce at the experimental position of 65.0 eV with the shoul-
Co. The results of the different fine-structure levelsger at 64.6 eV, therefore, can be attributed to transitions

3d°4s? °F and 3%s °D are given in Figs. 6 and 7 with the  3484s? 3F —.3p°3d%s? 3F and 1%4s3D— 3p°3d'%s 3P
sum weighted according to the thermal population on top ofyith the distinction that the shoulder at the low-energy side

each figure. The vertical bars represent the line strength oft 64.6 eV is more due to ti& — °F transitions. The second
the discrete transitions. With the same reservatiorL®iand  resonance at 68.2 eV can be mainly attributed to transitions

configuration notation because of deviations fra® cou- 348452 3F —3p53d%s? °D.
pling and of configuration interaction one can use the stron- For the discussion of the Rii signal one can consider the
gest transitions for a tentative assignment of the resonancegitio N*: Ni* (lower part of Fig. 5, which in the region of

(a) Starting from the initial statesd$4s? 3F the first reso-  the first resonance with Ri: N'+:0‘1‘E(3P is of the same
nance is mainly due to transitions intp38d®4s? 3F and order as that of F?é Fe=0.203) and Cg. : C0=0.153) in
the second resonance to transitions in53%s? °D. the region of their resonances, bqt which in contrast to Fe
and Co already starts to increase in the region of the second
(b) Starting from the initial statesd¥4s 3D the dominant resonance at about 69 eV. If we assume that this increase is
resonance is mainly due to transitions intp®3d'%s 3p,  connected in some way with thep3threshold we have to
whereas the small features on the low-energy side are due &®nsider both initial configurationsd34s® and 31°4s. The
transitions into $°3d%4s? °F. upper part of Fig. 5 shows the calculated cross sections of the
3p ionization from the initial states &4s? °F (solid line)
There is good qualitative agreement between the sum aind 3°4s 3D (dashed ling One can see that the threshold
the calculated cross sections from both initial configurationf the 3p ionization from the initial statesd4s 3D is, in-
with the photoion signals if one shifts the contribution of thedeed, in the region of the second resonance, which is due to
initial state 31°4s 3D (top of Fig. 7 relative to that of discrete transitions from the initial stated®3s® 3F. There-
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fore, it sounds plausible to associate the increase 6f:Ni doubly charged photoions in the order of 10%—50%. For the
Ni* at the region of the second resonance with the configuinterpretation of the spectra we have calculated the photoion-
ration 3d%4s *D. With respect to the absolute positions of ization cross section starting from the thermally populated
the calculated thresholds 73.5 eVd®3s °D) and 78 eV fine-structure levelgin the case of Ni from the two configu-
(3d%4s? °F) and the estimated value 78280) eV [5] one  rationg.
has to bear in mind that as in the case of Fe and Co the
positions in thisab initio calculation may be shifted.

Summarizing the results, we have observed the spectra of ACKNOWLEDGMENTS
singly and doubly charged photoions of the elements Fe, Co,
and Ni in the region of the B excitation. The sums of the We are thankful for the financial support from the
X" and X" signals(the X3* signal was negligibleare in  Bundesminister fuForschung und TechnologiMFT) and
good agreement with the absorption measuremigjtsDe-  from the Deutsche Forschungsgemeinsch&EG). This
cay by fluorescence, therefore, is only a minor effect in thisvork was carried out within the framework of the EU
region. There is, however, quite a remarkable contribution oHC&M Programme.
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