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Abstract:

The (multiple) photoionization and subsequent fragmentation of the Cg
molecule was studied with the synchrotron radiation after removing
electrons from the inner K-shell. Our intention was especially focused on
the dynamics of the subsequent fragmentation. In addition to ‘normal’
(non-coincident) electron and ion time-of-flight spectroscopy, we
investigated this topic with the help of an electron—electron-coincidence
measurement. Our experiment shows that in these processes C%"4, ions
with charge states up to 3+ and several smaller C*" sy, fragments are
formed. In addition, the broad peak besides the C(1s) line, usually referred
to as the plasmon’ peak, has been observed.

Key words: molecular physics, photoelectron-photoion spectroscopy,
plasmon excitation.

Introduction

Since the discovery of Cgp molecule (Kroto et al, 1985, pp.162-163),
(Kratschmer et al, 1990, pp.354-358) many studies were performed to
investigate its fundamental properties. Due toits high symmetry, Cg
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represents an ideal cluster with many possible applications. Its properties
are mainly driven by its unique molecular structure like a spherical shell
(Kusmany et al, 1993), (Korica et al, 2005, pp.132031-132035). So far,
only a little is known about the Cgy fragmentation after K-shell ionization
(Aksela et al, 1995, pp.2112-2115), (Karvonen et al, 1997, pp.3466-
3472), (Leiro et al, 2003, pp.205-213). For the main fragmentation
channel, the (successive) emission of neutral C, has been proposed for a
low charge state (Scheier et al, 1994, pp.77-93), although the emission
of other neutral carbon atoms/small clusters is also present (Lykke, 1995,
pp.1354—-1357). Even triply charged fullerene ions appear to be rather
stable (Bernard et al, 2003, pp.196—200). Highly charged Cg ions often
decay through fission processes leading to a multiply charged fullerene
and at least one other charged carbon atom or cluster, or they undergo
multi-fragmentation processes leading exclusively to small, charged and
neutral carbon clusters (Reinkdster et al, 2003, pp.263—-267).

Experiment

The measurements were performed at the HASYLAB undulator beam
line BW3 in Hamburg and at the BESSY!II dipole beamline TGM4 in Berlin
using monochromatized synchrotron radiation whose wavelength can be
scanned with a resolution set to an appropriale value. Measurements of
Ne/Ar-resonances were carried out to check the accuracy of the
monochromator settings.The photon beam crosses an effusive beam of
Cso molecules, provided by an oven heated to 500 °C. Outgoing electrons
are detected in time-of-flight (TOF) electron spectrometers at two different
angles with respect to the electric vector of the ionizing radiation(Fig1.(a)).
Appropriate voltages can be applied to the TOF-analysers to keep a
constant resolution of the electron spectra for different photon energies.
Some measurements were recorded in the coincidence mode. Additional
fullerene ion data were accumulated using a multi-hit capable ion
spectrometer with a pulsed electrical separation field (Fig.1(b)). The
positively charged Cg ions or fragments are separated according to their
mass-per-charge ratio by a pulsed field (pulse amplitude = 820 V, duration
= 10 us, repetition rate =12 kHz, rise time < 15 ns, field length = 5 mm).
The ions are accelerated into a potential of —2800 V (field length = 4 mm)
followed by a 200 mm long field-free drift tube. After passing the drift tube,
the ions hit the detector surface which is held at a constant voltage of
—-3300 V. The distance from the drift tube to the detector is 5 mm. The
detector consists of a Z-stack of MCPs with an active diameter of 40 mm.
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Figure 1 — Sketch of the experimental set-up. (a)beam source with the electron time-of-
flight (TOF) spectrometer. (b)schematic view and picture of the ion spectrometer
Puc. 1 — M3obpaxeHue akcriepuMeHmarnsHo20 ycmpolicmea (a)ucmo4Huk ceema ¢ TOF

criekmpomempom. (6) UOHHbILU criekmpomMemp

Cnuka 1 - lNpukas ekcriepumeHmarnHoe ypehaja: (a) usgop cHona ca TOF

criekmpomempom, (6) joHcku criekmpomemap
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Results and discussion

Inner shell ionization and fragmentation of Cgy molecule

Figure 2 shows an example of the ion spectrum recorded at the
photon energy of 390 eV. The inset shows the low-mass region of the
spectrum. A rough classification of different processes is indicated by
different coloured areas. In these processes, C%g, ions with charge
states up to 3+ and several smaller C%y.,, fragments have been
observed. This is in accordance with the previous claim that the main
fragmentation channel is the emission of neutral C,. Large singly charged
carbon clusters (such as C*3y, C*,, or C*5) have no particular stability
and one ought to expect additional species with similar sizes (such as
C*31 or C*,), which have not been observed. For all photon energies
used, no small charged carbon fragments resulting from fission or multi-
fragmentation processes are observed.
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Figure 2 — lon spectrum recorded with a photon energy of 390 eV
Puc. 2 — NoHHbIU cnekmp, 3anucaHHbIlU Ha aHepauu ¢homoHa 390 eV
Cnuka 2 — JOHCKU criekmap CHUMIbEH Ha eHepauju gpomoHa 00 390 eV
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Figure 3 — Contributions of singly, doubly, and triply charged fullerene ions for several
photon energies. Different scans are marked by different symbols. The results of the
coincident electron spectrum are marked by 'e’. The vertical lines indicate the C(1s)
threshold (A), electron shake-up levels (), and plasmon excitation energies (/) (Leiro et
al, 2003, pp.205-213). The high amount of triply charged fullerene can be explained by
double Auger and electron shake-off processes, observed in the electron-electron-
coincidence map (Fig.4).

Puc. 3 — Bknad o0Ho3apsiOHbIX, 08yx3apsiOHbIX U mpex3apsiOHbIX UOHO8 hyriiepeHa rno
HECKOMIbKUM 3Ha4YeHUsIM 3Hep2uu ¢pomoHo8. PasHbie CKaHbl OmMeYeHbl pas3fiuyHbIMu
cumeonamu. Pe3yrnbmamsi cosnadarowego 3/1eKmMpoOHHO20 criekmpa 0003Ha4YeHb! «ey.
BepmukanbHble nuHuu obosHadarom C (1s) nopoe (4), anekmpoHHbie yposHu sheik-up
(4) u aHepauto 8036yxdeHus nnasmel (A) (Leiro et al, 2003, pp. 205-213). Bbicokuli
npouyeHm mpex3apsadHbIX ¢hyrnnepeHo8 MOXHO 06bscHUMb 80LHbIMU Oxe- npouyeccom
U 351eKmpOoHHbIM sheik-up npoueccom, Komopbie 8UOHbI Ha kKapme cosrnadeHull
371eKmpoHo8 (puc.4).

Cnuka 3 — JonpuHocu jeGHocmpyko, 80CMPYKO U MPOCMPYKO HaeneKmpucaHux joHa
ynepeHa 3a HeKONUKO epedHocmu eHepauje pomoHa. Paznuyumu ckeHosu cy
03Ha4YeHu pasnuyumum cumbonuma. Pe3ynmamu KOUHUUOEHMHO2 ef1eKMpPOHCKO2
criekmpa o3HadveHu cy ca 'e'. BepmukanHe nuHuje o3Havasajy C(1s) epaHuuyy (4),
enekmpoHcKe wejk-ar Hugoe (/\) u eHepauje nna3MoHCKuUx ekcyumauuja (/) (Leiro et al,
2003, pp.205-213). Bucok npouyeHam mpocmpyKo HaeriekmpucaHux gyrnepeHa Moxe ce
objacHumu dsocmpykum OxxeosuM U e5IeKMPOHCKUM WejK-0gh npouecuma, Koju ce moay
sudemu Ha efleKmpOH-e/1IeKMpPOH KOUHUUOEHMHOj Manu (cruka 4).
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Figure 3 shows contributions of singly, doubly and triply charged
fullerene ions for several photon energies. These results indicate that,
above the carbon K-shell of Cg, the main products are doubly and triply
charged fullerenes. C'g is the most abundant ion in the low energy
region. The relative C%eo yield compared to the C'g yield first increases
with increasing photon energy and stagnates above =350 eV at a nearly
constant level. The yield of triply charged C*'g, is similar to the yield of
C? s . Different doubly charged C?* -2, fragments appear step by step
with increasing photon energy. The yields of singly charged fragments
exhibit an enhancement in certain photon energy regions; at high photon
energies, these yields decrease and are only slightly visible.

So the obtained ion yield spectroscopy of gas phase Cg is
corroborated by the corresponding photoelectron measurements (Korica
et al, 2018). The continuous intensity distribution in the photoelectron
spectra can be either the result of direct double photoionization or
double-Auger decay. The quality of the former K-shell photoelectron
measurements was insufficient to disentangle these two contributions
experimentally (Aksela et al, 1995, pp.2112-2115), (LeBrun et al, 1994,
pp.3965-3968), (Brihwiler et al, 1993, pp.3721-3724), (Krummacher et
al, 1993, pp.8424-8429). In general, the disentanglement of the two
processes on the basis of normal ion or electron spectroscopy is not
unambiguously possible.

Electron-electron coincidence spectroscopy of excited Cgp

Electron—electron-coincidence measurements were carried out to
get a deeper understanding about the fundamental processes causing
the many-electron emission in Cg. Here, a separation of different
underlying processes can be better achieved. (Fig. 4).

Shake-off electrons are abundant at low-kinetic energies. Therefore,
even at such high photon energies, shake-off processes are important to
understand the yields of the multiply charged Cg ions besides the Auger
and double Auger processes. In the case that two shake-off electrons
leave the Cgo molecule, the energy sharing is very asymmetric. The
faster of the two shake-off electrons contributes signifcantly to the broad
peak besides the C(1s) main line, usually referred to as the 'plasmon’
peak (Hertel et al, 1992, pp.784-787), (Leiro et al, 2003, pp.205-213); this
possibility has been unrevealed so far.
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Figure 4 — Electron-electron coincidences as a function of the kinetic energy of the two
detected electrons. The coincidence map was recorded with a photon energy of 380 eV.
Puc. 4 — Kapma cosnadeHuli 351eKmpoHO8 Kak hyHKUUS KUHemu4YeckoU aHepauu 08yx
0bHapyxeHHbIX 3nekmpoHos. Kapma coenadeHul 3anucaHa Ha Hepauu gpomora 380 eV.
Cnuka 4 — EnekmpoH-ennekmpoH KOUHUUOEHUe Kao hyHKUUja KUHemMu4Ke eHepauje 08a
demekmosaHa eniekmpoHa. KouHyudeHmHa mana CHUMIbEHa je Ha eHepauju ¢oomoHa 00
380 eV.

Conclusion

We have studied the photoionization of the C¢y molecule above the
C(1s) threshold, in the photon energy range hv=(330-390)eV. A careful
analysis of the spectra yielded a surprising and unexpected result.

Clear hints have been found that the major contribution to the triply
charged ion yield is the direct double photoionization of Cg,. However, in
contrast to most atoms and molecules, it is driven by the plasmon
excitation associated with the K-shell photoionization of the fullerenes.
Whereas the K-shell satellites are still bound core excited ionic states of
the Cg molecule, plasmon excitations at higher binding energies are
already in the double electron emission continuum. This causes a
specific intensity distribution and explains the origin of the broad
resonance features in the continuum part of the spectrum and an unusual
high amount of triply charged fullerenes of 40%.
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NCCNEJOBAHME OBOVHOWN 3J'IEKTPOHHOI7I SMNCCUN,
CBASAHHOU C ®OTONOHN3ALMEN K-OBOJIOYKN Cgq

CaHs 1. Kopuua®, Akcen PaﬁHKOCTep6,
@ YHusepeuteT «YHUOH — Hukona Tecnay, ®akynbTeT 3KOMOrMm U oXpaHsbl
oKkpyxatowen cpegsbl, r. benrpaa, Pecnybnvka Cepbus +
WHcTuTtyT M. ®puua MNabepa, OtaeneHne MonekynsapHom husukm,
r. BepnuvH, ®epepaTtnBHasa Pecnybnvka MepmaHus
UHcTuTyT nm. ®puua MNabepa, OTaeneHme MonekynsipHom ouanku,
r. bepnuH, ®epepaTtnBHasn Pecnybnuka MepmaHus
® MHcTuTyT um. dpuua Mabepa, OTaeneHme MonekynspHon usnku,
r. bepnuH, ®epgepaTtnBHas Pecnybnuka MepmaHus

OBJIACTb: monekynapHas dusmka, poTo3nekTpoH-poTOMoHHas
CnekTpocKonus

BWO CTATbW: opurmHanbHasa HayyYHas ctaTbsl

A3bIK CTATbW: aHrnunckmn

Pe3some:

(MHozoepaHHas) gomouoHuzayusi u conposodumeribHasi
paameHmayuss  mornekynbl  Cgy uccriedosanacb C  MOMOWbIO
CUHXPOMPOHHO20  U3/ly4eHus rocre  eblbpoca  3/eKmpoHa U3
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sHympeHHel K-obonoyku. Hawe uccriedosaHue 6birio cocpedomoyeHo
Ha OuHamuke conposodumernbHoOl  ¢hpasMeHmauuu. Kpome
«HOPMasibHOU» (Hecosnadarowiel)  3MEKMPOHHOU U UOHHOU
CMEKMPOCKOMNUU, MPUMEHSINIUCL U Opyeue MemolOb! U3MepeHul, mak
Harpumep, 6bl10 MPOBEGEHO UMEPEHUE 3MIEKMPOHHO20 CO8MadeHUs.
Haw akcriepumeHm rnokasan, 4mo 8 meyvyeHue Smux [poyeccos
popmupyromesi Cgy UOHBI ¢ 3apsdom OO0 mpex + U HECKObKO
Heborbuwux C¥gpom  hpaemenHmos. Kpome mozo, 6binl 8biseneH
WUpoKUl nuk pssdom ¢ ocHoeHol nuHueli C (1s), mak Ha3bleaeMbiM
«I11a3MOHOM».

Knouesble crioea: MornekynsipHas  ¢pu3uka, ¢bomoeneKmpoH-
gOmMOoUOHHas criekmpockornus, 8030yx0eHuUe r1a3mMoHa.

KOMHUMOEHTHA CTYONJA OBOCTPYKE EJIEKTPOHCKE
EMWNCWJE MNMOBE3AHE CA ®OTOJOHN3ALUNJOM K-TbYCKE Cgg

Ca/-ba I'b. Kopuua®, Akcen PajHkocTep m
@ YHuBepanTeT YHUOH — Hukona Tecna, ®akynTeT 3a ekonorujy u
3aWwTUTY XNBOTHE cpeauHe, beorpaa, Penybnuka Cpbuja +
UHcTnTyT Opuy Xabep, Oacek 3a MonekynapHy uanky,
BepnuH, CaBe3Ha Penybnuka Hemauka
UHctutyT ®puny Xabep, Oacek 3a monekynapHy usuky,
BepnuH, CaBe3Ha Penybnunka Hemauka

® MHcTnTyT Opunu Xabep, Oacek 3a MonekynapHy husuky,
BepnuvH, CaBesHa Penybnuka Hemauka

OBJIACT monekynapHa uauka, poToenekTpoHCKO-hOTOjOHCKa
cnekTpockonuja

BPCTA YJTAHKA: opyrnHanHu Hay4Hu YnaHak

JE3UK YJIAHKA: eHrnecku

Caxemak:

®domojoHusayuja (suwiecmpyka) u npameha ¢hpacmeHmauuja Morexyna
Ceo rnpoyyasaHa je y3 [rOMON CUHXPOMPOHCKO2 3padvyerba HaKOH
usbayuearba  enekmpoHa U3  yHympawre  K-rbycke.  Hawe
ucmpaxusare busro je nocebHo ¢hokycupaHo Ha OuHaMuKy rpamehe
ppazmeHmauuje. Noped ,HopmasnHe” (HEKOUHUUOEHMHE) €/IeKIMPOHCKe
u joHcke TO® cnekmpockoriuje, 08y memy u3dydasasiu cMOo U y3 romoh
€JIEKIMPOH-EJIEKIMPOH KOUHUUOeHmMHoa Mepersa. Haw eKcnepumeHm
rnokasyje da ce y o8uM npouecuma qboplvlupajy C%6 joHu ca
Haenekmpucarbem 00 3+ u Hekonuko mamux C¥gpom GhpacmeHama.
lNoped moea, noped enasHe C(1S) NUHUjE YOUYEH je WUPOKU MUK, m3e.
/1a3MOH.

KrbyuHe peuu: ¢usuka monekyna, ¢homoenekmpoHcKa-ghomojoHcKa
criekmpockKoriuja, nnasMoHcKa ekcuumauuja.
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