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Abstract

A 15keV H" or 120keV A#* beam was collided with benzeng- induce multiple ionization and dissociation. The TOFs of the recoil
ions were measured combined with the multiple coincidence technique and the position-sensitive measurement, which allow to identify
various dissociation channels and to derive their kinetic energy releases (KERs). By qualitative analysis of TOF coincidence map, it is
concluded that in the case of high vibrational excitation, doubly charged parent molecule dissociates into two molecular ions with equal
number of carbon atoms in each of them. Comparison of coincidence maps obtained by collisiorisavithAf* indicates that the number
of neutral D-substitution, which were missing from dissociation products, can be used as an indicator of vibrational excitation of parent
molecule.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction some lifetime against dissociation, whereas the dissociation
would be still dominant channel. Multiple-ionization of ben-
The stability of multiply ionized molecules depends on zene and subsequent dissociation have so far been widely
their charge states and the sizes. The general trend is that thetudied by using vacuum UV photofd, short pulse lasers
loss of more electrons makes molecules less stable, and thg¢5-7], electrong8], ions[9], and by theoretical calculations
increase of the molecular size makes the multiply charged [10]. Photoionization study shows that the appearance ener-
molecular ions more stable. In fact, highly chargegh C gies for the fragmentions are considerably higher than those
molecules were observed up to 1[0}, and the availability of expected for the thermodynamic limits, indicating presence
highly charged macromolecules makes the mass spectrometef the large barriers in the dissociation pathways.
ric study of biomolecules easif], whereas highly charged In the present study, deuterated benzene molecules were
small molecules generally dissociate very quidd. multiply ionized by collision with H or Ar®* and the dis-
Benzene is a typical aromatic hydrocarbon and it would sociation scheme of ¢Dg)?* was examined by utilizing the
be an intermediate case in the sense, that dissociation of theoincidence measurements of the fragment pairs. The reason
doubly or triply charged benzene would not be very fast, to use deuterated benzene instead of benzene was to achieve
and metastable multiply charged ions of benzene would havebetter mass separation of fragments, differing by only one
D. In general, the dissociation pathways can be sorted into

_— following reactions;
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(CeDg)?* — CxDm* + CyDn* + (6—n—m)D 2. Experimental setup
xX+y=6m+n <5 2 The projectile H or Ar8* beam, extracted by 15 kV from
a 14.25 GHz electron cyclotron resonance (ECR) ion source
(CeDg)?* — CxDm* + C,Dn* [11], was electrically chopped to produce 1 kHz pulses with
less than 50 ns duration. After chopping, the bunch of ions
+(6—x-y)C + (6—n-mD was collimated by a 0.5-mm diameter pinhole. The diameter
X+y<5m+n<5) ©) of the projectile beam at the collision area was about 1 mm.

The target was deuterated benzengdgz 99% isotope en-

The reactior(l) is two-body dissociation in which coinci-  richment), which was used after the conventional degas pro-
dence measurement gives information on all the fragments.cedure. The fragment ions produced by collision were ex-
The reaction(2) includes undetectable neutral fragments, D tracted by a homogeneous electric field, typically 4.7 V/mm,
or Dy, whereas destination of all the carbon atoms can be applied to a 449 mm long drift tube, and were detected by a
determined. Reactio(B) includes neutral C and D atoms, position sensitive detector (PSD). Details of the TOF spec-
thus, includes large unknown factors. Detailed analysis wastrometer will be described in the future publicatidr2]. De-
performed for the reactior(&) and (2) tails of the PSD working principle are described elsewhere
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Fig. 1. Double coincidence map relevant to the react{@hsind (2)(see text). TOF spectrum for all the events (including single-hit) is also shown. The open
circles indicate the coincidence of zero-energy fragments. The projectile is H
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[13]. As a start trigger we employed the projectile signal from
an MCP, placed 600 mm downstream of the collision area.
For the typical value of extraction electric field (4.7 V/mm)
and an effective detector diameter of 97 nbircollection of
ions ejected in # solid angle was achieved for ion energies
up to about 6 eV, which was quite sufficient for our purposes.

3. Results and discussion

Various dissociation channels, corresponding to the reac-
tion (1)—(3), are identified by the double coincidence mea-
surements for the H+ CgDg collision. Among these coinci-
dence islands, those of §Dx* — C3Dy "), (CoDx* — CaDy),
(CDy* — C5Dy+) are shown irig. 1. Henceforth we will call
the group of (GDm" — CyDp*) islands simply as (& — Cy™)
group, so (G"—C4*) group will mean the group of
(C2Dx* — C4Dy™) coincidence islands.

The (G* — C3*), and (G* — C4*) groups consist of sev-
eral lines, each of which corresponds to the different total
number of D atoms included in the fragment ions, whereas
the (C" — Cs*) group consists of the single line, correspond-
ing to the (CQ3* — CsD3™) fragmentation. The numbers of
the lost D (hereafteaD) inthe (G* — C3*), (C;" — C4%) and
(C* —Cs%) groups are 0-4, 0-2, and 0, respectively. These
coincidence islands are mainly due to dissociation of doubly
charged parent, because the sharpness and the linear shape
each island is distinctive characteristic of the two-body dis-
sociation. Comparing the islands with differekD, change
in the “thickness” of the line-shaped islands can be noticed:
lines become thicker for largexD. This is likely to be due
to a small (but not negligible) contribution of recoil momen-
tum acquired by fragment ion due to D-loss. The islands for
which AD =0 are quite narrow and the islands with different
ways of sharing of D but a same way of sharing of C (e.g.,
the islands (gD3* — C4D3*) and (GD," — C4D4*)) can be
discerned.

Concerning the channels withD # 0, following molec-
ular fragmentation pathways are possible:

1. (CsDe)2" molecule at first undergoes D-loss and then dis-
sociates.

(CsDg)?* molecule at first dissociates and then the frag-
mentions undergo D-loss. In such case, initially produced
fragment molecular ions would have considerable internal
energy.

. D-loss and ion—-ion fragmentation are simultaneous,

namely, within a period of molecular vibrations.

2.

In any case, parent gDg)2* molecule has to be in the
highly excited state to induce D-loss, which is most prominent
for (C3* — C3*) group. The coexistence of these processes is
also possible, depending on the internal energy of the doubly
charged parent ions.

Eland and coworkers reported dissociation of doubly
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volving different total number of H, might be good criteria
to differentiate the dissociation mechanisis If (CgDy)%*

ion considerably changes the structure depending on the val-
ues ofx, which might occur for the case 1, then the values
of KER will be different for differentx. On the other hand,

if the D-loss occurs after the ion—ion fragmentation (case 2),
then values of KER would be smaller than those of initially
formed fragment ions because of the kinematic effect. Un-
der the present experimental conditions, this kinematic effect
will be detectable by virtue of the D-substitution.

Fig. 2 shows the plots of KER values calculated for
(C3D3* — C3D3™) and (GD1* — C3D1 %) islands. As can be
seen, the peak position of KER distribution is sameXbr=0
and AD =4. If the reaction gD3* — C3D1* + 2D occurs,
mass number changes from 42 to 38, and thus, about 10%
lowering of the KER values is expected. The fact that this is
not so, indicates that mechanism 2 is less likely. The cases
1 and 3 appears to be more likely, however, to explain the
equal values of the KER for islands with differedD, more
conclusive evidence is needed.

The large AD naturally invokes highly excited parent
(CeDg)?*, and theFig. 1 indicates that asymmetric frag-
mentation (asymmetric in carbon sharing) becomes unfa-
vorable as an excitation of §Dg)?* increases. That is, for
AD=0, (G* —C3%), (C* — C4*) and (C — Cs™) fragmen-
tation processes are all observed, whereasAbr=1-2,

@ — Cs*) fragmentation process is not observed, and for
AD=3-4, only (G* — C3*) fragmentation process is ob-
served. It is interesting to note that this fragmentation trend
of (CsDe)?" is somewhat similar to that of a nuclear fission,
where mass sharing between fission products also becomes
more and more symmetric as an excitation increg$ék
Concerning the most asymmetric fragmentatior, {GCs™)

.
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charged benzene and argued that the values of KER anckig. 2. piots of the KER values for ¢Ds* —CsDs*) (a) and

branching ratios of the different dissociation channels, in-

(C3D1* — C3D;1*) (b) islands. Dashed lines indicate peak positions.
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process, the sharing of D is exclusively 3 and 3, namely the tion would be associated with the electronic transition, which
reaction is would be less effective compared to the direct “kick out” by
. + + the projectile.
(CsDg)?* — CD3* + CsDs*. The coincidence map of relevant fragmentation processes
This selective reaction channel has been observed in var-obtained by Af* + CsDg collisions, together with TOF spec-
ious experiments, and the two-step reaction, a ring-openingtrum, is shown inFig. 3. As can be seen in the figure the
reaction associated with D-atom migration followed by frag- maximal AD is 2, which is smaller than that obtained by
mentation, is acceptgd0]. It is natural to expect that such H™ + CgDg collisions. The projectile, on its way out, will
highly selective reaction would occur at relatively lower ex- interact with produced fragment ions (so called “post col-
citation energy. lision interaction” or “PCI”), thus, affecting their final ve-
Particularly, interesting is how the excitation depends on locity vectors. The interaction increases as the charge and
the way of ionization. To study ionization/excitation mecha- the mass of projectile ion increases. This effect can be seen

nism, an alternative experiment with 120 ke\®Ams a pro- in Fig. 3, in which the coincidence islands are broader than
jectile was conducted. All other experimental settings were those shown irFig. 1 (especially prominent for the islands
same with those for §Dg + H* collisions. In the case of Af for which AD =0).

collision, target molecule would be ionized mainly via elec-  Additional feature of vibrational excitation of parent
tron capture by the projectile. Thus, the impact parameter (CsDg)?* can be found by comparing KER values of
is expected to be much larger, and the vibrational excita- (CD3" — CsD3*) fragmentation channel for Hand AB*
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Fig. 3. Coincidence map of molecular fragment ions obtained 8y éallisions in the expanded scale. TOF spectrum for all the events (including single-hit)
is also shown. The open circles indicate the coincidence of zero-energy fragments.
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Fig. 4. Plots of the KER values for (GD — CsD3*) island obtained by
collisions with H" (a) and AB* (b). Dashed lines indicate peak positions.

Table 1
Branching ratios and KER values for various coincidence groups from
(CeDg)?*

H* Ar8* hv (40.8 eV)[4]

Ratio KER Ratio KER Ratio KER

(%) (eV) (%) (eV) (%) (eV)
C*+Cs* 216 2.4 21.4 2.8 27.4 3.0
Cof+C4t 408 2.8 40.6 3.3 375 3.8
C3*+C3t 374 2.9 36.8 35 35.0 4.2

projectile cases. Since the vibrational excitation tends to in-

31

with the nature of the excitation, which is considered to be
electronic, and vibrational excitation would be solely result-
ing from the vertical transition.

To summarize the discussion, we can safely conclude that
the D-loss will be a good criterion for the vibrational excita-
tion, which gives an acceptable scheme for the dissociation.
That is, when the vibrational energy of {0s)?* is not so
large, the dissociation would be mainly governed by the po-
tential surface, and thermodynamically favorable products,
namely members of (§ — C3*) group, are not necessarily to
be formed preferentially. On the other hand, when vibrational
energy is large, the shape of the potential surface does not play
significant role, and thermodynamically favorable products
are preferentially formed. Similar kind of coincidence mea-
surements of larger aromatic hydrocarbons with the focus on
fragmentation-mass shearing is will be performed in the near
future.
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