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Observation of anisotropic angular distribution of ionic fragments in the dissociation of CO?*
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Angular distributions of fragment ions (C*+0O™) produced in dissociative double photoionization of
carbon monoxide have been studied in the photon energy region 39—100 eV using a photoion-photoion
coincidence technique and a source of synchrotron radiation. The asymmetry parameter 3 ranges from
0.69 at 39 eV to —0.19 at 100 eV. The observations of anisotropy in the dissociative double photoion-
ization from the valence orbitals of CO are discussed in relation to the symmetry considerations involved

in the transition.

PACS number(s): 33.80.Eh, 33.80.Gj, 33.90.+h

I. INTRODUCTION

In recent years, considerable attention has been direct-
ed to double and multiple photoionization of gaseous
molecules. However, in spite of the growing experimen-
tal and theoretical interest in this field, there is still much
to be learned concerning the details of production and
dissociation dynamics of doubly charged molecules. In
this regard, it is important to elucidate the symmetry of
the electronic states of doubly charged ions and that of
two electrons ejected which may result in anisotropic an-
gular distributions of ionic fragments (symmetry-
characterized dissociation). The angular distributions of
fragments produced in molecular photodissociation are
closely related to the symmetry and dynamics of the pro-
cesses involved [1,2]. For the 2 — X transitions, the mol-
ecules oriented parallel to the light polarization vector
are selectively excited, whereas for the £ —II transitions
the molecules oriented perpendicular to the polarization
vector are preferentially excited in randomly oriented
free molecules. In the case of K-shell excitation and ion-
ization, the symmetry of the intermediate states is well
defined and the asymmetry parameter obtained experi-
mentally for ionic fragments is consistent with some of
the theoretical predictions [3-17]. On the contrary,
however, in the case of direct double ionization (not via
Auger decay), the ion pair angular distributions were be-
lieved to be essentially isotropic until very recently. This
is because of the high density of the m?* electronic states
and of two outgoing waves of photoelectrons.

In 1991, two papers reported anisotropic angular dis-
tributions of fragment ions in direct double photoioniza-
tion from valence orbitals; weak anisotropy (the asym-
metry parameter $=0.2, hv=37.5 eV) in the dissocia-
tion of HBr?* [18] and medium anisotropy (8=~0.5) in
the dissociation of OCS?>* [19]. In the present study, an-
gular distributions of fragment ions (CT+0%) produced
in the dissociative double photoionization of CO are
determined by analyzing photoion-photoion coincidence
(PIPICO) spectra. The present results are discussed in
relation to the symmetry considerations involved in the
transition.
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II. EXPERIMENT AND DATA ANALYSIS

PIPICO spectra were measured in the region 39-100
eV using a rotatable time-of-flight (TOF) mass spectrome-
ter and a constant-deviation grazing incidence monochro-
mator together with synchrotron radiation at the ultra-
violet synchrotron orbital radiation (UVSOR) facility of
the Institute for Molecular Science, Okazaki. The TOF
mass spectrometer and the associated electronic ap-
paratus used in the present experiment are schematically
shown in Fig. 1, details of which have been described
elsewhere [20,21]. The photoion signals detected by a
multichannel plate were fed into both the start and stop
inputs of a time-to-amplitude converter (TAC). An elec-
tric field of 2250 V/cm was applied across the ionization
region, from which ions produced were extracted
through the first exit aperture (6 mm in diameter). Ions
were further accelerated in the acceleration region (3750
V/cm) and entered into the 60-cm-long drift tube
through the second exit aperture (10 mm in diameter).
Aluminum optical filters were used to eliminate higher-
order radiation. The PIPICO spectra were measured at
55°, 0°, and 90° relative to the polarization vector of the
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FIG. 1. Schematic diagram of the experimental apparatus.
The ion detection signals were fed into both the start and stop
inputs of a TAC for the measurements of PIPICO spectra. CF
Discriminator denotes constant-fraction discriminator.
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light in order to obtain the kinetic-energy release distri-
butions (KERD’s) and the angular distributions of the
fragment ions.

In the framework of the dipole approximation for ran-
domly oriented molecules with cylindrical symmetry in
the gas phase, the differential partial cross section of the
fragment ions for the partially polarized light is given
[2,22] by

do; 0
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30 4n 1+4(3pc0526+1) , (1)

where 3 is the asymmetry parameter that characterizes
the angular distribution, p is the degree of polarization,
and 0 is the angle of the spectrometer axis relative to the
electric vector of the light. Depending on whether the
transition moment is parallel (AA=0) or perpendicular
(AA==1) to the molecular axis (dissociation axis), the
angular distribution is given by cos? (8=2) or sin%6
(B=—1), respectively, under the axial recoil conditions,
i.e., the dissociation time is small enough compared to
the rotational period (~1071° sec). The characteristic
features of the simulated PIPICO spectral profiles ob-
tained with the experimental conditions mentioned in
Sec. II are illustrated in Fig. 2 for the C*+O™ ion pair
produced from CO?* when the fragment ions have a
single-valued kinetic energy of 2.6 eV. Figure 2 clearly
indicates that the PIPICO spectral profile is a good mea-
sure of anisotropic angular distributions.

The spectral profiles of PIPICO peaks are determined
by the kinetic-energy distribution and the angular distri-
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FIG. 2. Simulated PIPICO spectral profiles of the C*+0O"
ion pair with a single-valued kinetic energy of 2.6 eV at §=0°
and 90° for parallel (B=2), isotropic (8=0), and perpendicular
(B= —1) transitions, which show characteristic features of an-

isotropic angular distributions. The central channel is assumed
to be 200.
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bution of the fragment ions, both relative to the spec-
trometer axis, and other experimental conditions such as
the electric field across the ionization region and the size
and degree of polarization of the photon beam. To ob-
tain the angular distribution of fragment ions, the
kinetic-energy release distribution was first determined by
analyzing the PIPICO spectra measured at the so-called
“pseudomagic angle,” which is equal to about 55° under
the assumption that p =0.9 [19]. The results will be re-
ported separately [23]. The 8 parameter was obtained us-
ing the following three steps [19]: (1) Spectral profiles at
6=0° and 90° were calculated for a set of various kinetic
energies of the fragment ions with B fixed arbitrarily; (2)
the spectral profile of the PIPICO peak at angle 6 was
calculated based on the kinetic-energy distribution al-
ready determined and on the profiles calculated in step 1;
and (3) treating S as a running parameter, its most prob-
able value was determined as the one for which the sum
of squares of the residuals between the observed and cal-
culated profiles was minimized.

III. RESULTS AND DISCUSSION

Figure 3 shows two spectral profiles of the C*+0O*
PIPICO peaks produced from CO** at 39 eV and mea-
sured at 6=0° and 90°. The width of the PIPICO peaks
results from the kinetic energy of the ion pair. The
lighter ions (C™") with a given momentum initially direct-
ed towards the flight tube will have longer flight-time
differences than the C* ions initially directed away from
the flight tube, thus resulting in the spread in flight-time
differences observed for the ion pair. The profiles in Fig.

100 -

n
(=]

1500

PIPICO COUNTS
o

1 1
1550 1600 1650

200 (b) 6=90°

100

o 1 1 1
1500 1550 1600
CHANNEL NUMBER

FIG. 3. Observed (dots) and simulated (solid lines) spectral
profiles provide clear evidence of anisotropy in the C*+O%
channel of CO** at 39 eV. (a) §=0° (8=0.64) and (b) 6=90°

(B=0.73). One KER component of 2.62 eV is assumed.
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3 are both different from one another and from the profile
shown in the middle of Fig. 2. This provides clear evi-
dence of anisotropy of the ion pair. The best fit was at-
tained for 8=0.64 (8=0°) and 0.73 (6=90°). The ob-
served 3 parameter obtained by analyzing the PIPICO
peak shapes is shown in Fig. 4 as a function of excitation
energy. Above 80 eV, the B parameter obtained at 0°
does not agree with that obtained at 90°; the reason for
this is not clear at present. One possibility is that the
least-squares fit using only one common f3 parameter for
every kinetic-energy release (KER) component is not an
accurate means of simulation. The [ parameters mea-
sured at the two angles also do not agree with one anoth-
er at 43 eV probably because of the poor quality of the
PIPICO spectra. The background of the PIPICO spectra
is wavy due to random coincidences of ions produced in
single ionization. This wavy background is added to the
PIPICO spectra. In Fig. 4, the mean value of 8 measured
at the two angles is 0.69 at 39 eV, 0.2+0.1 in the region
40-47.5 eV except for the one at 43 eV, about 0.4 in the
region 50-60 eV, and gradually decreases above 60 eV.

It has been observed by Lablanquie et al. [24] that the
dissociative double photoionization (CT+O7) takes
place with the threshold at 38.410.5 eV, which is below
the threshold for the molecular double photoionization at
41.310.2 eV [25]. They proposed that an indirect pro-
cess in which highly excited CO** states autoionize to
the double-ionization continuum is responsible for pro-
duction of the ion pair. Furthermore, Becker et al. [26]
reported that autoionization of valence-excited CO**
states in the molecule and after dissociation plays a
significant role above the double photoionization thresh-
old with emission of a low kinetic-energy electron. At 50
eV, the partial cross section for direct double ionization
is comparable to that for autoionization of CO** [26]. A
recent study on the kinetic-energy release distributions of
the CT+0O™ ion pair also indicates that indirect double-
photoionization processes are significant in the region
38.4-50 eV [23]. Thus, dissociative double photoioniza-
tion of CO is complex and the discussion of the observed
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FIG. 4. Asymmetry parameter f3 for the C* +O™ channel of
CO*" as a function of excitation energy.
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asymmetry parameter is not straightforward. Theoretical
calculations are clearly needed to elucidate the asym-
metry parameter of the ion pair.

The valence-shell electronic configuration of CO in the
ground electronic state is

(16)%20)4 30 )*(40 )2 (1m)* (50 )23

in the independent-particle description. In the two-
electron transition, the propensity rules may be written as

AL, =0,%+1,
2)
AA,=0,+1,+2

under the restriction of AA=0,£1, where A; and A, are
the orbital angular momentum of two electrons and A is
the total angular momentum of electrons. The propensi-
ty rules assumed here are different from those in a previ-
ous paper [19] and Eq. (2) is considered to be more gen-
eral than the previous ones. The symmetry of the doubly
charged ionic states, those of two photoelectrons, and the
total symmetry given by the vector sum of these sym-
metries of the doubly charged ionic state and two photo-
electrons are listed in Table I for the possible electron
configuration of CO**. The value of the B parameter is
also listed in Table I on the assumption that the partial
cross sections for the individual II channels are equal to
one another and also to that of the = channel, as a rough
approximation, and by using the equation [2]
_20,—0,

=1 - (3
p o,to; )

where o is the partial cross section for the 2-X type
transition and o, is that for the Z-II transition.

If the C"+0O% ion pair were produced only from
direct double photoionization and subsequent dissocia-
tion, Table I indicates that B8 does not change consider-
ably and is in the range 0.17-0.31. Although direct dou-
ble ionization is more dominant than the indirect pro-
cesses above about 60 eV [26], the observed trend of the
asymmetry parameter does not follow the simple predic-
tion in Table I. In the case of single photoionization of
CO, the oscillator strength for the 30 —¢o and e ion-
ization have been obtained by theoretical calculations
[27], and the results indicate that the oscillator strength
for the 30 —&eo channel (total symmetry is 2) is much
greater than that for the 30 — e channel (total symme-
try is IT) below 55 eV. Above 63 eV, however, the reverse
is true [27]. A similar situation may occur in direct dou-
ble ionization whereby the cross sections for the £ chan-
nels [0(2-2)] are greater than those for the IT channels
[o(2-I1)] in lower energies and o(2-2)<o(2-I) in
higher energies. The gradual decrease in the observed f3
above 60 eV strongly suggests that the intensity alterna-
tion in ¢(=-2) and o(=-I1) mentioned above occurs in
this energy region.

Below the excitation energy of about 41.4 eV, only in-
direct processes are responsible for the C* +O™ ion pair
formation via autoionization [24]. CO*™ states (Rydberg
states converging to the CO>" states) must exist in this
region and ‘“‘configuration-interaction” states (dominant
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TABLE 1. Symmetry and asymmetry parameter for direct double photoionization of CO.

Electron Symmetry of Asymmetry
configuration CO** ion Symmetry Symmetry Total parameter
of CO** state of e, of e, symmetry B
0'_2 2 g g,T Z,H 0.20
T 0',1T,8 H’Z»“
o gt IT o o,m8 In,3,11
™ o,m8,¢ PRIDNI
o o,m0 I,z,11 0.31
T o,m,8 3,0,
) o,md I, 2,11
72 2 o o,T 3,0
T XX I,z,11 0.13
) ,8,¢ 2,11
A o 8,6 1,3, 11 0.17
T o,m8,¢ I,3,11,2 0.20
5 o,m¢ =, 0,11

#Under the assumption that the cross sections for the individual = and IT channels of the total symmetry are the same.

30 ~!123 7 states) have also been observed there by photo-
electron spectroscopy [28-31]. Furthermore, CO**
states (double Rydberg states converging to the CO**
states) may contribute to the ion pair formation [23].
The observed B is 0.69 at the lowest excitation energy, 39
eV, and then decreases to 0.20-0.28 in the region 40-41
eV, which means that the total symmetries involved in
the transition changes considerably in this region. If au-
toionization takes place before dissociation, the final
CO?" state is likely the repulsive 1337 (17 72) state.

The method to predict the asymmetry parameter in
direct double ionization is now used for the case of in-
direct double ionization of CO** and CO**. The angu-
lar distributions of ion pairs will follow the total symme-
try of the states populated immediately after single pho-
ton absorption, as is the case for inner-shell excitation
and ionization. The results are shown in Tables II and
III for CO** and CO**, respectively. In the case of in-
direct double photoionization via CO**, B does not
change very much, if B is taken together for the CO**

TABLE II. Symmetry and asymmetry parameter for indirect double photoionization of CO via CO*™*.

Electron Electron configuration Symmetry of Asymmetry
configuration to which CO** states co** Symmetry of Total parameter
of CO** converge state photoelectron symmetry '8
o (mo—no) o2 z o, s,0 0.5
o mo—nm) n o,m8 I,3,1 0 0
o (mo—nd) A T I -1
o (1r—no) o gt I o,m8 IL,=, 11 0
o 1lr—nm) >3 o, b1 | ] 05
A ) I,z )
—1
o~ (17—nd) g g,v,& g,E,H } o025
o~ (lr—n¢) 2 o, s, 0.04
A T II ]
7 Y mo—no) I o,md I,z,11 0
7 Y mo—nm) > o, B | | ] 0.2
A 8,0 IL,=,10 )
Y mo—nd) Il o,md 0,2, 11 ] —0.25
P ) )
7 (1r—>no) w2 = o,T 3,1 l 0.25
A 8,4 1,3, 11
7 Y(1r—nr) II 0,5 IL 3,11 l 0.25
® 8,6 s 0.11
7 Y 1r—>nd) 2 o, T 3,0
A 8,4 3,10 ] 0
r P N
7 (lr—ne) II a,m8 11,3, 11 0

*Under the assumption that the cross sections for the individual = and IT channels of the total symmetry are the same.
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states converging to the same CO?* electron
configuration (shown by large braces in Table II). In the
case of indirect double photoionization via CO**, B is
rather large for the CO** states converging to the
o~ 'm7!'and 772 CO’" configurations (Table IIT). These
CO** states may be strong candidates for yielding a 8
value of 0.69 at 39 eV. However, since calculations [27]
show that the 30 —co channel of CO is about three or
four times more intense than the 30 — e channel at cer-
tain energies and a similar situation may occur in indirect
double ionization, the channels having a B value larger
than —0.25 may also be candidates for indirect double
ionization at 39 eV. It is unfortunate that definite candi-
dates cannot be determined for indirect double ionization
from the observed 3 at 39 eV. As listed in Tables I-III,
there are so many channels contributing to the C* +0O™"
ion pair production that further discussion of the f pa-
rameter at other excitation energies may be meaningless
without the help of theoretical calculations.

The ratio of the cross section for the parallel transition
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FIG. 5. The ratios of cross sections o(2-2)/0(2-I1) for the
C*"+0" channel of CO*" as a function of excitation energy.

TABLE III. Symmetry and asymmetry parameter for indirect double photoionization of CO via CO**.

Electron Electron configuration Symmetry of Asymmetry
configuration to which CO** states Cco** parameter
of CO** converge state g
(ko —lo)Ymo—no) o2 3 l[ 0.5
(mo—nm) I |
(ko—lm)imo—no) T 0
(mo—nm) b 0
(mo—nd) In
(ko —18)(ma—nw) 11 -1
(ko—lo)lmr—no) oyt I
(lr—nm) 3 0.5
(lr—nd) 11
(lr—ne) b
(ko —Ipi)(lr—no) 2 ]
(1m—nm) i ]f 0.5 0.36
(lm—nd) 2 |
(lmr—n¢) I
(ko—18)(1r—no) 1 ‘} o |
(lr—nm) > 3 i
(lm—nd) 11 !
(lm—lo) (lmr—no) T ! z 0.5
(lm—nm) 11 :
(lr—nd) 2
(lm—ndg) 11
(Im—l7) (lm—no) 11
(lm—nmT) 2 0.5
(lm—nd) 1 0.4
(lr—nd) b
(1lm—18) (lm—no) =z
(l‘rr—mrr) p) 0.5
(lr—nd) I
(lm—nad) b
(lr—1¢) (lmr—no) I 0
(lm—nm) >
(lr—nd) i1

2Under the assumption that the cross sections for the individual = and II channels of the total symmetry are the same.
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to that for the vertical transition, which is given by
(14B)/(2—B), is shown in Fig. 5 as a function of excita-
tion energy. The mean values of the 8 parameter in Fig.
4 were taken and the one at 43 eV was omitted.

IV. CONCLUSIONS

Angle-resolved photoion-photoion coincidence spectra
have been measured for double photoionization of CO in
the energy region of valence orbitals by use of linearly po-
larized synchrotron radiation. The results indicate clear-
ly that anisotropies exist for the C*+O™ dissociation
channel of CO?*. Although the observed anisotropies
must be related to the symmetry-characterized dissocia-
tion, because of the presence of so many channels con-
tributing to the ion pair formation even at low excitation
energies, the trend in the observed 8 parameter cannot be

2303

explained by symmetry considerations involved in the
transitions. In this regard, theoretical calculations are
clearly needed to elucidate the asymmetry parameter of
the ion pair. From the observed B parameter, the ratio of
the cross section for the parallel transition to that for the
vertical transition has been determined in the excitation
energy region of 39-100eV.

ACKNOWLEDGMENTS

Sincere gratitude is extended to the UVSOR personnel
for their beneficial assistance during the experiments.
This work was supported by the UVSOR Joint Research
Program of the Institute for Molecular Science and par-
tially supported by Grants-in-Aid for Scientific Research
No. 04640455 from the Ministry of Education, Science
and Culture.

[1] R. N. Zare, Mol. Photochem. 4, 1 (1972).
[2]J. L. Dehmer and D. Dill, Phys. Rev. A 18, 164 (1978).
[3]N. Saito and I. H. Suzuki, Phys. Rev. Lett. 61, 2740
(1988).
[4] A. Yagishita, H. Maezawa, M. Ukai, and E. Shigemasa,
Phys. Rev. Lett. 62, 36 (1989).
[5] N. Saito and I. H. Suzuki, J. Phys. B 22, 3973 (1989).
[6] N. Saito and I. H. Suzuki, J. Phys. B 22, L517 (1989).
[71K. Lee, D. Y. Kim, C. I. Ma, D. A. Lapiano-Smith, and
D. M. Hanson, J. Chem. Phys. 93, 7936 (1990).
[8] N. Saito and I. H. Suzuki, Phys. Rev. A 43, 3662 (1991).
[9] E. Shigemasa, K. Ueda, Y. Sato, T. Sasaki, and A. Yag-
ishita, Phys. Rev. A 45, 2915 (1992).
[10] K. Kosugi, E. Shigemasa, and A. Yagishita, Chem. Phys.
Lett. 190, 481 (1992).
[11] K. Kosugi, J. Adachi, E. Shigemasa, and A. Yagishita, J.
Chem. Phys. 97, 8842 (1992).
[12] A. Yagishita and E. Shigemasa, Rev. Sci. Instrum. 63,
1383 (1992).
[13] D. Y. Kim, K. Lee, M. Mahalingam, D. M. Hanson, and
S. L. Hulbert, J. Chem. Phys. 97, 5915 (1992).
[14] J. D. Bozek, N. Saito, and I. H. Suzuki, J. Chem. Phys. 98,
4652 (1993).
[15] E. Shigemasa, T. Hayaishi, T. Sasaki, and A. Yagishita,
Phys. Rev. A 47, 1824 (1993).
[16] O. Hemmers, F. Heiser, J. Eiben, R. Wehlitz, and U.
Becker, Phys. Rev. Lett. 71, 987 (1993).
[17]J. D. Bozek, N. Saito, and 1. H. Suzuki, J. Chem. Phys.
100, 393 (1994).
[18] A. Svensson, E. A. Hughes, A. Banichevich, S. D. Peyer-

imhoff, and B. A. Hess, J. Phys. B 24, 2997 (1991).

[19] T. Masuoka, 1. Koyano, and N. Saito, Phys. Rev. A 44,
4309 (1991).

[20] T. Masuoka, T. Horigome, and 1. Koyano, Rev. Sci. In-
strum. 60,2179 (1989).

[21] T. Masuoka and I. Koyano, J. Chem. Phys. 95, 909 (1991).

[22] See, for example, 1. Nenner and J. A. Beswick, in Hand-
book on Synchrotron Radiation, Vol. 2, Molecular Photo-
dissociation and Photoionization, edited by G. V. Marr (El-
sevier, Amsterdam, 1987), p. 355.

[23] T. Masuoka, J. Chem. Phys. 101, 322 (1994).

[24] P. Lablanquie, J. Delwiche, M.-J. Hubin-Franskin, I.
Nenner, P. Morin, K. Ito, J. H. D. Eland, J.-M. Robbe, G.
Gandara, J. Fournier, and P. G. Fournier, Phys. Rev. A
40, 5673 (1989).

[25] T. Masuoka and E. Nakamura, Phys. Rev. A 48, 4379
(1993).

[26] U. Becker, O. Hemmers, B. Langer, A. Menzel, and R.
Wehlitz, Phys. Rev. A 45, R1295 (1992).

[27] P. W. Langhoff, S. R. Langhoff, T. N. Rescigno, J. Schirm-
er, L. S. Cederbaum, and W. Domcke, Chem. Phys. 58, 71
(1981).

[28] J. L. Gardner and J. A. R. Samson, J. Electron Spectrosc.
Relat. Phenom. 2, 259 (1973).

[29] A. W. Potts and T. A. Williams, J. Electron Spectrosc. Re-
lat. Phenom. 3, 3 (1974).

[30] S. Krummacher, V. Schmidt, F. Wuilleumier, J. M. Bizau,
and D. Ederer, J. Phys. B 16, 1733 (1983).

[31] Z. F. Liu, G. M. Bancroft, L. L. Coatsworth, and K. H.
Tan, Chem. Phys. Lett. 203, 337 (1993).



