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Lifetime effects on the dissociation of core-excited Nand CO molecules
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Vibrational-resolved ion and ion-pair yield spectra of &hd CO taken at theirsl—»* resonance excita-
tions reveal decay-channel-dependent core hole lifetimes. The linewidths of the yield spectra tend to be
shortened when the number of electrons ejected in the deexcitation process increases, finally becoming nar-
rower than the total ion yield or absorption natural lifetime width of the core-excited states afdNCO,
respectively. In contrast to this, the linewidths of the yield spectra for the singly charged molecularjtns, N
and CO', are shown to be broader than their corresponding natural linewidths. This linewidth shortening and
broadening observed in the ion yield spectra are explained by the effect of different internuclear distances on
the lifetime of an excited molecular state.

PACS numbgs): 33.80.Gj, 33.80.Eh, 33.80.Rv

A core-excited molecule is expected to dissociate in mosshorter than the natural lifetime of 5.4 fs of the core-excited
cases after the molecule is ionized through resonant Augestate[4]. This atomic motion should be taken into account
decay. However, this model was found to be too simple refor the deexcitation of the core-excited molecule, which has
garding the large variety of potential curves that may bean attractive potential energy curve. When a molecule is ex-
excited. When a core-excited state forms a repulsive potereited by a photon whose energy is detuned from the reso-
tial energy surface, Auger decay competes with the departingance energy, the lifetime of the core hole is shortened from
motion of atoms in the molecule. Morin and Nenner mea-the natural lifetimg5]. If deexcitation channels or, in other
sured the Auger electron spectrum at the BreXcitation of ~ words, resonant Auger spectra from a core-excited molecule
HBr [1]. The Auger spectrum includes the very narroware measured with high-photon-energy resolution, the differ-
bands, which are attributed to the Auger transitions from theent lifetime would change the branching ratio of the decay
Br atom. This result shows that the core-excited HBr mol-channels. However, since there are many multielectron emis-
ecule dissociates sometimes faster than the Auger decay. R&on processes from the core-excited molecules, it is impos-
cently, Menzelet al. measured the resonant Auger spectra ofsible to know all these processes from the Auger spectra.
HCI, DCI, and C} following the CI(2p5,) — Cl(o*) excita-  Therefore, in the present study, we have measured the final
tion [2], which also has a repulsive potential energy surfaceproducts, i.e., the ion and ion-pair yield spectra fromaxd
The branching ratio of “molecular” versus “atomic” Auger CO at their 5— 7* resonance excitation with narrow band-
transitions increases with increasing reduced mass of the tapath photons. Mass resolved ion yield spectra of core-excited
get molecules. When the reduced mass of the molecule ifN, with vibrational resolution were recently measured using
creases, the departing motion of the atoms in the molecula quadruple mass spectrometer. However, ion-ion coinci-
becomes slower and Auger transitions preferentially occudence spectra could not be measured with this method and
before complete dissociation. These studies suggest that tiiee same vibrational peaks are not well separated in the spec-
dissociation competes with an Auger transition for a coretra. Therefore it is difficult to discuss the effect of the core
hole excited state with a repulsive potential energy surfacdifetime on the decay channels from this experiment.

A quantum-mechanical description of this competition was Our experiments were performed at beamline BW3 of the
recently given in(3]. Hamburger SynchrotronstrahlungslabdHASYLAB) of

In the case of the core-excited states of"¢O1s™'2p7)  DESY [7]. This beamline is a tripl&-pole undulator beam-
and N; (C1s™ '2pmy), “atomic” Auger transitions have not line (N=21, 33, 44 equipped with a high resolution SX700
been observed. Since the core-excited states of these m@llane grating monochromator modified for high photon
ecules form attractive potential energy curves, it is considthroughput. This instrument achieved a bandwidth of about
ered that the molecules dissociate after the Auger transitiong0 and 70 meV at the photon energies of 300 eV and 400 eV,
However, the molecules have a vibrational motion and theespectively. Time-of-flightTOF) mass spectra and ion-ion-
atoms in the molecule move before Auger decay, because tlmwincidence spectra have been measured with a TOF mass
vibration period of I\j(ls*12p7-rg) amounting to 2.8 fs, is spectrometer, comprising a McLaren-type space charge fo-

cusing instrument of 42 mm length and a multihit angéle
An extraction field of 100 V/mm was applied on the TOF
*Permanent address: Electrotechnical Laboratory, Umezondnass spectrometer, which makes it possible to measure all
Tsukuba-shi, Ibaraki 305-8568 Japan. ions and all pairs of charged particles in coincidence, inde-
TPresent address: Ericsson Eurolab Deutschland GmbH, Nordospendent of their charge state and initial kinetic energy. The
park 12, 90411 Nwnberg, Germany. spectrometer was positioned at an angle of 55° with respect
*present address: Department of Chemistry, University of Neto the electric field vector of the photon beam in order to
vada, Las Vegas, NV 89154-4003. remove the effect of anisotropic fragmentation. The partial
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FIG. 2. The Lorentzian linewidths and corresponding lifetimes
0 of the ion or ion-pair yield spectra of J{1s)—N,(2pw,) states.
+
35000
(N2>)
0 . narrower when the charge state of the ion or ion pair is
5000 N2 increased. The Lorentzian linewidth of,Nis broader than
the natural lifetime broadening measured by total yield or
0 401 402 absorption spectroscopy.
Photon Energy (eV) The dependence of the linewidths on the final charge state

is also observed in the yield spectra of core excited CO.
Figure 3 shows the yield spectra of the total ions, "CO
Co?t, Ct, O*", Cc"+0", and CG"+0O?" from the
1s~*2pm state of CO. The yield spectra of QC?>*, C*
+0?", and G*+0O" are not shown in Fig. 3. The solid
curves reproducing the experimental data were derived using

FIG. 1. lon yield spectra of the total ions,N N, N>*, N*
+N*, N"+N2?*, and N+ +N?* taken in the photon energy region
of N,(1s)—N,(2pmg) photoexcitations. The dots indicate the ex-
perimental data and the solid curves are a superposition of Voig
functions reproducing the experimental data.

N, or CO pressure was lower thark30~® mbar. The TOF

of the ions was measured with respect to the bunch marker of
the storage ring, which was operated in the double-bunch 70000
modes with a time window of 482 nsec. The details of this
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tions. The conditions of the fitting procedure are as follows:
(a) all vibrational peaks in a spectrum have the same Lorent- 0

TOF mass spectrometer were described elsewf&8 In ° 2 2e

order to avoid possible distortions of the scans, all coincident 60 ) C7+0

and noncoincident ionization channels were measured simul- Qe o

taneously during one photon energy scan, including the — .

monitoring of the background in the spectra. % 2OOOJ~\>\~4\C +0
Figure 1 shows the yield spectra of the total ions,” N 3 0 i

NT, N2*, N"+N*, N"+N?", and N*+N2" in the pho- € o2

toexcitation of N(1s)—N,(2pm,). Several vibrational w %0

peaks are seen in the spectra. Solid curves reproduce the 5 Qe 5

experimental data by a fitting calculation using Voigt func- 3 35°°°'J‘¥i\0+

zian linewidth, (b) the Gaussian broadening is the same for

2+
all spectra. The Gaussian broadening was 71.0 meV, which SOOAC‘;L
was obtained from the fitting calculation for the total ion 0
yield spectrum. The Lorentzian linewidth for the total ion

yield spectrum is 1228 meV, which is close to the natural 9000 co

lifetime broadening reported previoudl¥0-13. 0
The linewidths of the yield spectra in Fig. 1 are different

with respect to each other. The narrow linewidth reflects the

large ratio of the peak intensity at=0 to the minimum FIG. 3. lon yield spectra of the total ions, COCO?*, C*,

intensity betweerv=0 and 1. It is clear to state that the o2+ c*+0?*, and G*+ 02" taken in the photon energy region

linewidth for N,* is the widest and that for & +N** isthe  of CO(C1s) — CO(C2pm) photoexcitations. The dots indicate the

narrowest. Figure 2 shows the Lorentzian linewidths for theaxperimental data and the solid curves are a superposition of Voigt

ions and the ion pairs. The Lorentzian linewidth becomesunctions reproducing the experimental data.
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co* ¢t C* co'ctio* In order to examine this explanation, the final states of the
ol - Auger transitions are discussed below. Core-excited mol-
- ecules deexcite through electronic transitions and most of
- } J@ 18 them dissociate into fragments. Some of the decay processes
£ 100l g that produce ions or ion pairs from the inner-shell excited N
£ @ [16-18 and CO[19] are discussed in the papers reported
-‘;’ E previously. From these studies, the deexcitation schemes of
2 lg 2 Table | are the dominant ones for a core excited mbl-
- 8o - ecule.
Pathway (1) of Table | shows that the core-excited, N
el 10 decays electronically into a molecular ion with an attractive
Total CO™ 0O* 0O C*+0* C*+0O™*

potential energy surface ,N" (AP). It sometimes autoion-
izes but it does not dissociate, yielding™" . This type of
FIG. 4. The Lorentzian linewidths and corresponding lifetimes deexcitation process produces Nand No**. The dissocia-
of the ion or ion-pair yield spectra of CO(G)L—CO(C2p). tion scheme(2) of Table | shows that the core-excited, N
decays into N"*(AP) and it sometimes autoionizes and it
predissociates into fragments,"N +N"2*. Here mainly

the fitting calculation described above. The Gaussian broad¥” +N is produced and N+N* and N*+N are only
ening was deduced to be 58.3 meV by the fitting calculatiorPartly generated. Pathwa(;_%) indicates that the core-excited
of the total ion yield spectra. Figure 4 shows the LorentziarlN2 decays electronically into the molecular ion™N(RP)
linewidths for the ions and the ion pairs obtained from theWith a repulsive potential energy surfacce. It dissociates into
fitting calculation. The Lorentzian linewidth for the total ion the fragments R +N"2*, with or without ejecting an elec-
yield spectrum is 1088 meV, which is close to the natural tron. Fragmentation into N+N?* is mainly produced
lifetime broadening reported previougly2,14,15. The line-  through procesg3) and N"+N* and N*+N are partly
width generally reduces with increasing charge state of th@roduced from this process.

ion or ion pair. As far as we know, fragmentation into’N+ N2* has not

The present result shows that the characteristic of th&een reported previously. It is mainly considered to take
Lorentzian linewidths for CO is similar to that for,NThe Place in proces$3). A triply charged molecular ion is pro-
Lorentzian linewidth becomes narrow with increasing chargéluced by an Auger process, and this ion dissociates into
state of the final products. In other words, the short lifetimeN°" +N?" ejecting an electrorilike a cascade Auger pro-
is related to the production of an ion with a lower chargecess$. It is possible that a quadruply charged ion produced
state. directly by an Auger process dissociates inté"N-N2".

In the following we propose a possible explanation of ourHowever, the probability of a four-electron ejection in an
result. As described above, the core-excited molecule with afuger process is considered to be much smaller than that of
attractive potential energy surface has a vibrational motior@ three-electron ejection; the latter process would be negli-
within the core lifetime, the atoms in the molecule move, anddible.
the internuclear distance of the molecule changes before an In the above discussion of the decay processes, there are
Auger transition. This vibrational motion leads to the situa-three patterns of deexcitation process€d: decay into a
tion that the transition amplitude of the final products is pro-Stable state with an attractive potential energy surfag,
portional to the overlapping factor of the excited state andi€cay into a state with an attractive potential energy surface
the Auger final-state wave functions. On the other handand predissociation;3) decay into a state with a repulsive
when the core lifetime is shorter than the vibrational periodPotential energy surface and dissociation.
by detuning the photon energy off the resonance, the Auger Figure 5 shows the schematic potential energy curves of
transitions occur before the atoms in the molecule movetypical Auger final states, the ground state and the excited
This fixed internuclear distance makes it possible to considegtate of N together with the Franck-Condon region. The
the transition amplitude as proportional to the Franck-molecule in the ground statXtX ;) absorbs a photon and it
Condon factor between ground and Auger final-state wavexcites into the core-excited state oﬁ(ﬂlsflzpwg). Three
functions. The transition amplitude is expected to depend odecay channels from the core-exciteg &e indicated in the
the lifetime or the internuclear distance, which change thdigure. The first channel is the core-excited decaying into
branching ratios of the final products correspondingly. Sincehe singly charged molecular ionzN(XZEJ). This molecu-
the latter depend on the core lifetime, the linewidths of thelar ion is stable and does not dissociate. This channel corre-
yield spectra depend on the final products. sponds to the deexcitation schefd¢ The second channel is

Produced lon or lon Pair

TABLE I. Processesl)—(3) show deexcitation schemes of core-excited nitrogen.

) No(1s™17*)—N,"" (AP)+ne— N,"* (+me) (n=n1l-m, m=0,1)
%) No(1s™17* —N,"" (AP)+ne— N™* + NN2+ (+me) (n=n1+n2—m, m=0,1)
®) N,(1s™17*) = N,"H (RP)+ ne— N+ + N2+ (+me (n=n1+n2—-m, m=0,1)
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dicates that the transition amplitude intg ‘Ndecreases with
an increasing lifetime of the core hole. The effect of the
lifetime on the transition amplitude for proce is similar

to procesgl), because after an Auger transition the molecule
has an attractive potential and the internuclear equilibrium
distance of the Auger final state is close to that of the ground
state.

Next, the effect of the core hole lifetime on the transition
amplitude of the process N+N3 —N,2" —N?"+N* [pro-
cess(3)] is considered. Since the potential energy curve of
N,2" in this process is repulsive, the Franck-Condon factor
between the ground and final states is not considered to be
much different from the overlapping factor between the ex-
cited and final states. The transition amplitude does not de-
pend on the lifetime of the core hole.

From the above consideration, proces&Bsand (2) are
enhanced for the short lifetime of the core hole, whereas

1.0 1.5 20 25 procesg3) is enhanced for the long lifetime. When the pho-
Internuclear distance ( ) ton energy is tuned slightly off the resonance, the lifetime of
o ) the core hole becomes shorter. Then, the amplitudes of pro-
FIG. 5. The schematic dlag_ram of the potential energy curves #esseeél) and(2) off the resonance become relatively higher
the ground state, the core-excited state, and Auger final states of - .

han that of proces§3). In contrast, the branching ratio of

together with the Franck-Condon region. The hatched arrows indi- 3 i h b the lifeti
cate the decay channels for a short lifetime of the core hole wheROCES INcreases on the resonance because he fiietime

the decay takes place in the Franck-Condon region. The solid alQf the core hole becomes longer. Due to this the linewidths
rows show the decay channels for a longer lifetime of the core holét’f yield spectra from process¢s) and (2) are wider than

decaying outside the Franck-Condon region. thos_e from procesg3). _ _ _
Since the molecular ion N is produced in procesd),

the linewidth of this ion yield spectrum becomes wider than
that of other ion yield spectra. The*Nion is mainly pro-
duced by fragmentation into N+ N and N"+ N*. Fragmen-
tation into N"+N mainly occurs in proces$2) and N*
+N* results from both processé®) and(3). Then, the line-
width of the N' yield spectra is the second widest. Fragmen-
tation into N'* + N2 mainly occurs in proces®), yielding
the narrowest linewidth of the yield spectrum.

The same explanation is adapted to the linewidth variation

responds to proces8). _ . of the ion yield spectra from core-excited CO because the
The internuclear equilibrium distances of Bind N,™ areé  jnternyclear equilibrium distances of CO and CQare

1.0977 A and 1.1164 A, respectively, which are shorter than 1783 A and 1.115 A, respectively, i.e., shorter than that of
that of the core-excited N amounting to 1.164 A[10- CO*(Cl1s '2pm) with 1.1529 A[5].
13,21. When the core hole is filled faster than the vibra- | summary, the linewidths of our measured yield spectra
tional motion takes place, the Auger transitions occur in thgend to shorten with increasing number of electrons ejected
Franck-Condon regioftransitions of the hatched arrowsf  jn the deexcitation process. The linewidths of the yield spec-
the lifetime of the core hole is longer than the vibrationaltra for the singly charged molecular ions Nand CO™ are
motion, deexcitation processes also occur out of the Franckgroader than the natural lifetime broadening of the core-
Condon regior(transitions of the solid arrows excited states of Nand CO, respectively. These linewidth
Let us now consider the effect of the core hole lifetime onygriations are explained by the lifetime dependence of the
the transition amplitude of N-N3 —N,", which corre-  deexcitation processes along with the change of the internu-
sponds to procesgl). The transition amplitude is propor- clear distance of the molecule. Since the natural lifetime of
tional to the Franck-Condon factor between the ground anghe N, and CO core holes is longer than the vibrational mo-
Auger final-state wave functions for the short lifetime of thetion, an Auger decay from the core-excited states occurs not
core hole. On the other hand, the transition amplitude is proognly in the Franck-Condon region but also in the vibrational
portional to the overlapping factor between the excited angegion of the core-excited state. However, when the photon
Auger final-state wave functions for the long lifetime. In this energy is tuned off the resonance, the lifetime of the core
process, the equilibrium distance of, & close to that of hole becomes shorter than the natural lifetime, which forces
N," but not close to that of N. Therefore, the Franck- the core-excited molecule more likely to decay in the
Condon factor between Nand N is considered to be Franck-Condon region. The lifetime difference, which is in-
larger than the overlapping factor of{Nand N,*. This in-  duced by tuning the photon energy, changes the population
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the core-excited M deexciting into a lower level of N,
which remains a molecular ion or dissociates into-NN"
[16,20. The processes dfl), (2), and(3) are mixed in this
pathway. The third channel is KLs™ 2pw,) deexciting to
the excited doubly charged molecular ion N(ZO';Z). This
doubly charged ion is not stable and dissociates intd N

+N* with ejecting an electrofil6]. This deexcitation cor-

022709-4



LIFETIME EFFECTS ON THE DISSOCIATION 6. .. PHYSICAL REVIEW A 61 022709

of the deexcitation channels, and, consequently, the lineand the Deutsche Forschungsgemeinschaft. N.S. is grateful
widths of the yield spectra of the fragmentation products. to the Alexander von Humboldt Foundation for financial as-
sistance. F.H. acknowledges financial support by the Deut-

This research was funded by the Bundesministerium fuscher Akademischer Austauschdienst.

Bildung, Wissenschaft, Forschung und Technold@®IBF)

[1] P. Morin and I. Nenner, Phys. Rev. Lebi6, 1913(1986. 50 (1977.

[2] A. Menzel, B. Langer, J. Viefhaus, S. B. Whitfield, and U. [12] A. P. Hitchcock and C. E. Brion, J. Electron Spectrosc. Relat.
Becker, Chem. Phys. Let258 265 (1996. Phenom18, 1 (1980.

[3] Z. W. Gortel, R. Teshima, and D. Menzel, Phys. Rev6@  [13] A. Kivimaki, K. Maier, U. Hergenhahn, M. N. Piancastelli, B.
2159(1999. Kempgens, A. Rdel, and A. M. Bradshaw, Phys. Rev. Lett.

[4] C. T. Chen, Nucl. Instrum. Methods Phys. Res2B6 595 81, 301(1998.
(1987; C. T. Chen and F. Sette, Rev. Sci. Instrud0, 1616  [14] M. Tronc, G. C. King, and F. H. Read, J. Phys.18, 137
(1989. (1979.

[5] S. Sundin, F. Kh. Gel'mukhanov, H.gken, S. J. Osborne, A. (151 p. A. Shaw, G. C. King, D. Cvejanovic, and F. H. Read, J.

Kikas, O. Bjaneholm, A. Ausmees, and S. Svensson, Phys. Phys. B17, 2091(1984
- 'F:e\}i. Lett.?g, 1;15;:]1992. 63, 46(1996 [16] N. Saito and I. H. Suzuki, Chem. Phys. LetR9, 419(1986;

- harawajczyk, Fnys. Ses, 46 12559, _ J. Phys. B20, L785 (1987); Int. J. Mass Spectrom. lon Pro-

[7] A. R. B. de Castro and R. Reininger, Rev. Sci. Instr@8. cesses?, 61 (1988

1317(1992; C. U. S. Larsson, A. Beutler, O. Bjoeholm, F. o T

Fede:manzn U. Hahn. A. Rieck S. Verbin ?nd T"INp [17] 1. H. Suzuki and N. Saito, J. Chem. Phgd, 5324(1989.

Nucl. Instrum. Methods Phys. Res. 387, 603 (1994). [18] W. Eberhardt, E. W. Plummer, I. W.-Lyo, R. Carr, and W. K.
[8] N. Saito, F. Heiser, O. Hemmers, K. Wieliczek, J. Viefhaus, Ford, Phys. Rev. Letbs, 207_(1987)' _ _ _

[19] A. P. Hitchcock, P. Lablanquie, P. Morin, E. Lizon, A. Lugrin,

and U. Becker, Phys. Rev. B4, 2004(1996. _ _
[9] N. Saito, F. Heiser, O. Hemmers, A. Hempelmann, K. Wielic- M. Simon, P. Thiry, and I. Nenner, Phys. Rev.3, 2448

zek, J. Viefhaus, and U. Becker, Phys. Rev.58 R4313 (1988.

(1995. [20] R. W. Wetmore and R. K. Boyd, J. Chem. Phgg, 5540
[10] C. T. Chen, Y. Ma, and F. Sette, Phys. Rev.48, 6737 (1986.

(1989. [21] A. A. Radzig and B. M. SmirnovReference Data on Atoms,
[11] G. C. King, F. H. Read, and M. Tronc, Chem. Phys. LBf. Molecules, and longSpringer-Verlag, Berlin, 1985

022709-5



