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He(2S) Penning ionization of HCI and HBr leading to HCA) and HBr"(A) has been studied optically by
using a crossed-beam apparatus. The ratios of the vibrational popuRti®s,(v' = 2 and 3) of HCI(A)

and P4/P, of HBr*(A), increase with the collision energy in the region of £¥ZD0 meV. The rotational
distributions of HCI(A, v'= 0) and HBF(A, v'= 0) can be represented by a double-Boltzmann distribution;
the temperatures are 200 50 and 7004 80 K for HCI*(A, »'= 0) and 2504 50 and 1200+ 200 K for
HBr"(A) and are nearly independent of the collision energy. The bimodal rotational distributions suggest
that at least two processes contribute to formation of these ions. The model potential surface calculated for
He*(Li) + HCI as the entrance channel is nearly isotropic and shows a shallow well of about 20 meV,
whereas the surface for He HCI*(A) as the exit channel is anisotropic and shows a deep minimum of 250
meV in the He-H—CI collinear direction. Dynamical effects of the anisotropic attractive structure in the exit
surface are proposed to account for the observed results.

1. Introduction the vibrational distribution of HBT(A) is more deexcited than
L . . the PIES data, shifting to lower vibrational levels relative to
Penning ionization is a main decay channel for the collisions -k for ionization. They concluded that the energy transfer
. * - Co .

between helium metastable atoms (R*) and simple molecules papyeen the vibration and translation occurs not only at the
(M). It is now understood to occur through the formation of a entrance channel for the HE&) + HCI system but at both the
quasimolecule (RM*) that autoionizes, producing a free electron gpirance and the exit channels for the H&l2+ HBr system.
and a RM ion. Because the RMion is unstable, it dissociates  Nevertheless, previous discussions on the reaction dynamics for

into a helium atom and a molecular ion. Molecular ions formed He(2S) Penning ionization of HCl and HBr have tended to be
in an electronically excited state (M) often fluoresce. Penning | other qualitative.

ionization of HCI and HBr has been investigated by using two
methods, Penning ionization electron spectroscopy (PIES) and(aem) in the 200-600 nm region resulting from the collision of

Penrung lonization optical spectrospopy (PIGS). He(2S) with HCl and HBr using a crossed-beam apparatus and
Richardson and Setsewere the first to use PIOS to study  examined the nascent rotational and vibrational distributions of
the He(2S) + HCI/HBr reactions in a flowing afterglow (FA)  HCI+(A) and HBr*(A) in the collision energy range of 120
apparatus. They found non-Franrekondon (FC) vibrational 200 meV. The main purpose of the present paper is to describe
distributions for the product HC(A) and HBr'(A) ions. The  the mechanism for the Penning ionization based on the internal
distributions were also different from the PIES restiftsand  gistributions of the product ions and the potential surfaces
shifted to lower vibrational levels. To clarify the origin of the  |culated for both the entrance and exit channels.
discrepancy between PIOS and PIES data, Martin and co-
Workeré'3 have ir!vlestigate(.j.the Hé&) + HCI/HBr reactions 2. Experimental Section
under single collision conditions using a crossed molecular beam
apparatus. Because they obtained nearly FC vibrational distribu- The apparatus and experimental details concerning the
tion, the deviation of the FA-PIOS data from the PIES data fluorescence measurement were reported previdtfdly brief,
was attributed to vibrational relaxation by collisions with He He(2S, 2S) atoms are produced with a nozzle discharge
buffer gas or secondary reactions. Obase étsalbsequently ~ sourcé® and skimmed into a collision chamber; the singlet
have measured nascent vibrational and rotational distributionscomponent of the total He* flux was estimated to be about 10%.
of HCI*(A) and HBr"(A) resulting from the He(&S)+HCI/HBr Target gases flowed out to the collision chamber forming an
reactions using a low-pressure experimental apparatus. Theyeffusive molecular beam through a multicapillary array. Under
found that the vibrational distribution of HA) agrees well typical stable operating conditions, the discharge current was
with the PIES data, which shows an FC distribution, although 10—30 mA, the voltage was 466750 V, and the pressure of
residual gas at the collision chamber as measured by an
*To whom correspondence should be addressed. E-mail: itok-pc@ IONization vacuum gauge was less than 2.7 mPa. The gases of
scux.sc.niigata-u.ac.jp. HCI (Takachiho, 99.999% in stated purity), HBr (Tri-Chemical

In this work, we have measured the emission cross sections
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Lab., 99.9995%), and He(Nihon-Sanso, 99.9999%) were used ;

without further purification. 600 -
The velocity distribution of the He* beam measured by a :

time-of-flight method in the separate experiment was nearly

represented by a Gaussian function. The root-mean-square

velocity (va) of the He* beam was found to depend only on 400

the discharge power at the beam solr8y. using the relative

velocity averaged over the velocities of He* atoms and the target

V' (R)/meV

molecules, the collision energy dependencegfwas obtained k ° o= O
by converting the function afa into that of the relative collision 2001 . z: zg‘
energy Eg) with the relation betweeBg and the reduced mass o g= 90°
(«) of the He+ target system: + 6=150°]
x  6=180°
Er = u(v 2 + 3KTIm)/2 Q) 0
whereT is the temperature (300 K) and is the mass of the - : ' : '
02 0.4 0.6 0.8

target molecule. In the fluorescence measurement, we did not )

use the velocity-selected He* beam because of the weak R(Li-Clynm

fluorescence intensity. Thus, applying the fact thaincreases ~ Figure 1. Model potential curve¥*(R) for HCI(X'Z")-He*(Li(2%S))

with the discharge power, we controlled the kinetic energy of @s a function of the L-Cl distance represents the HCI—Li angle

the He* beam by varying the discharge power. The kinetic Petween the molecular axis and the+0l direction.

energy distribution of the He* beam was estimated to be 40 . .

meV (hwhm) aEx = 120 and 80 meV at 200 meV. We should the Gaussian 98 program packégen the Meller—Plesset

mention that the collision energy dependences of the internal Perturbation method (MP2) with the frozen-core approximation.

distribution for the product ions were measured using the He* '€ standard 6-3&+G(3df, 3p) basis set was used. Al

beam with a relatively broad collision energy. calculations were performed with personal computers. .
The fluorescence resulting from the collision of H&Rwith To draw the potential energy surfaces correlated with

the target molecules was observed in a direction perpendicular €(:S) + HCI*(X?IT) and He{S) + HCI*(A%Z"), we performed

to both the molecular and He* beams. The fluorescence focusedMultireference configuration interaction (MRCI) calculations.

onto the entrance slit of a SPEX 1704 monochromator was 1N€ basis set used in this work was the triglatomic natural

detected by a CCD detector (P, LN/CCD1100PB) for the Orbital (ANO) basis set of Widmark et &.The reference

measurement of the high-resolution spectrum or a Hamamatsuconfiguration state functions (CSFs) in the MRCI calculations

R585 photomultiplier for other measurements. g for the consisted of a fuII. valence complt_ate active space, which |ncl.uded

fluorescence produced by collision of H&& was evaluated all molecular orbitals (MOs) arising from the valence atomic s,

by comparing its emission intensity with that of the*{B823,* p (Cl), and s (H, He) orbitals (9 electrons in 6 orbitals). From
— X25,5) band produced by the following Penning ioni- the reference functions, all of the single and double excitations

zation: were generated, with the exception of the frozen-core orbitals,

1s, 2s, and 2p (Cl). The total number of the configurations of
He(ZS)+ N, — N," (B’ )+ Het+e (2) the final internally contracted MRCI calculations was about

480 000. The MOs for the MRCI calculations were taken from

We adopted @em value of (3.2+ 0.3) x 10720 m?2 for reaction the natural orbitals determined by the state-averaged complete

2 at anEg of 140 meV; this value was estimated from Figure active space self-consistent field (CASSCF) calculations for two

5in ref 11. The total emission intensity of thgB—X) system A’ and aA" states, using the same active space. All calculations

was derived from the intensities of the-0 and -0 bands by ~ Were carried out with the MOLPRO program packag&he

using the scaling factors calculated by Comes and Sp&igre computer was an SGI Origin 2800 owned by the Research

density and spatial distribution ofsNand the target molecules ~ Center for Computational Science at Okazaki.

at the collision region were calibrated, and the relative sensitivity

of the total photon-detection system was calibrated with a 4. Results and Discussion

deuterium lamp in the 266310 nm range and a halogen lamp

; 4.1. Potential Energy Surfaces for the Entrance and Exit
in the 316-600 nm range.

Channels. Figure 1 shows the potential curx&(R) for the
. HCI(X1=*) + He*(Li(2°S)) system as the entrance channel
3. Theoretical Methods obtained from the model potential calculatidis the distance

To discuss the observed results concerning the collision between the Li atom and the Cl atom when the Li atom
energy dependence of tlwgy,'s for the HCIF(A—X) band and approaches along several directions. The surfécéor the
the rotational and vibrational distributions for HCA), the entrance channel is nearly isotropic and shows a shallow well
interaction potentials for a He{Q) atom approaching a hydrogen  of 20—30 meV, which may originate in the dispersion force.
atom or chlorine atom along several directions were calculated The repulsive wall aty = 90° is steeper than that for the
for both the entrance and exit channels using ab initio molecular collinear direction.
orbital (MO) methods. Figure 2 shows the potential curve(R) for the HCIF(A2ZT)

For the He(8S) + HCI(X1Zt) system as the entrance chan- + He(S) system as the exit channBjs the distance between
nel, there are difficulties associated with calculating the ex- the He atom and the Cl atom when the He atom approaches
cited states. Consequently, a 148} atom was used in place of  along several directions. Th&" surface for the exit channel is
He(2S) in the present study because of the well-known extremely anisotropic and has deep minima in the collinear
resemblance between HE®) and Li(2S)1314The interaction direction. The minimum af = 0° (i.e., the He-H—CI collinear
potentials between a Li8) atom and HCI were calculated using direction) is 250 meV, whereas the wellét= 90° is only 20



6070 J. Phys. Chem. A, Vol. 106, No. 25, 2002

600 |
400} !
>
fc_:) [t
<2004
@ H
i
0
e ° 6= 0° |
o s 6= 20° |
4 &
| - s 9= 90° |
2200+ + 0=150° 4
x §=180° |
| | | 1 1 |
0.1 0.3 0.5 0.7
R(He—Cl)

Figure 2. Potential curve¥*(R) for HCI"(AZZ1)-He(S) as a function
of the He-Cl distancep represents the HCl—He angle between the
molecular axis and the HeCl direction.

TABLE 1: o.m Values for the Species Produced by the
He(2S) + HCI Collision Measured at Er = 160 MeV

species Alnm Oenl(1072°m?)
HCIH(AZS+—X2IT) 270-500 3.3+05
Hp 486 0.1444+ 0.026
H, 434 0.068+ 0.012
Hs 411 0.025+ 0.007
total 270-500 3.3+05

meV. The repulsive parts of thé™ surface are harder than those
of the surfacev*. For all cases, the bond length of+Cl was
fixed at 127.35 pm, which was the optimized value for
HCI(X1Z*). On the contrary, the potential surface for the
HCIT(X2IT) + He(S) system is nearly isotropic and has a
shallow well of 26-30 meV aroundRk = 300 pm.

4.2. Emission Cross Sections and Their Collision Energy
Dependences.The emission in the 268660 nm region
produced by the collision of Hef8) with HCI or HBr was
assigned to the hydrogen Balmer series and #%A<?1 band
for HCI* or HBr*. The intensities for atomic chlorine and
bromine were negligible. Table 1 summarizes the values
for the several species observed from the collision of F&Y2
with HCI. The total gem for HCI in the 200-600 nm region
was determined to be 4 10729 m2. Nevertheless, this value

Tokue et al.

(4)

When the collision energy is very low, the cross section for the
Penning ionization decreases with increasing collision energy,
eventually reaching a minimu/.As the collision energy is
further increased, the cross section reaches a maximum and then
decreases again at higher energies. Under orbiting approxima-
tion, this result can be applied to the formation of the excited
neutral fragments produced from neutral excitation.

In this study, the kinetic energy dependence ofdhgvalue
was measured for the-® band of the A-X system of HCl
and HBr" and the hydrogen Balmgrline (Hg). Figure 3 shows
the dependences for the HQA—X) and HBr*(A—X) bands
and the hydrogen Balmét line. All emissions were found to
decrease with increasingg; the s value estimated from the
slopes is 7#12. This result indicates that either an attractive
potential governs the formation of the emitters or the collision
reaches to the high speed limit. The potential curves calculated
for the entrance channel show only a shallow well of about 20
meV for all directions. Thus, we prefer the latter case for the
He(2S) + HCI/HBr collision despite the rather low collision
energies.

4.3. Vibrational Populations for HCI™(A) and HBr T(A).

To evaluate the collision-energy dependence of the vibrational
populations for HCt(A) and HBr(A), the intensity ratios of
several bands of the-AX emission were measured: the-0,
2—0, and 3-0 bands for HCt and the 6-0 and 0 bands of
the Q = 3/, component for HBF.

If the radiationless processes do not occur within the lifetime,
the population of a, N') state is proportional to its photo-
emission intensity. The emission intensity of a transition from
the ¢/, N') state to a4, N") state is represented by

IZNN = oMV Sunr Oy RAT )P, (N)I(2N + 1) (5)

wheree . is the efficiency of the photon detection system,

is the transmon frequencygyn- is the rotational line strength,
g, is the FC factorRe is the electronic transition moment,
T, is ther centroid, andP,(N') is the formation rate of the
(', N') state. For low resolution spectra, the ratio of the popula-
tion for the ' state relative to that for the = O state derived
from the integrated intensities of the-0 and+'-"" bands are

P, |1

V' V! (lv'u”/lo&B
100 (0l / G [R(T ) TR(To0)]

whereA is the transition wavelength. The molecular constants
are put into a conversion factét, for convenience.

o(Ex) DER *

=2F

vo

(6)

IOO

seems to be too small compared with the total quenching Haugh et af! tabulated they,,» andT;,~, and illustrated the

cross section of HegS), 62 x 10720 m?, as measured by Bush
et al’® The He+ HCIT(A) products may decay to the He
HCI*(X) state with radiationless transitions. This possibility will
be discussed in section 4.4. We did not measuresthesalue

for HBr because of the serious adsorption on the wall of the
gas-introducing line.

To investigate the mechanism for formation of excited states,

we measured the dependencedgf, values on the collision

energy. If the attractive part of the interaction potenti§R)

between He(®5) and the target molecule is described by
VH(R) =

—CJR 3)

the cross section is represented%y

r-centroid dependence of the transition moment for the*=HCI
(A—X) and HBr"(A—X) systems assuming Morse potentials.
Later, Ibuki et aP? recalculated the dependence of the electronic
transition moments on the centroid for the HCY based on
thelr photoionization and ab initio results by using the- and

T, given by Haugh et a! For HBr"(A), Obase et a3
recalculated the Morse potential FC factors armntroids by
using the constants given by LebrefdiThe electronic transition
moments thus reported strongly depend on the internuclear
distance. Furthermore, there are significant discrepancies among
the dependences on theentroid. Nevertheless, it was found
that theF,( factors calculated from these data agree within 6%
each other; th& ¢ factor is estimated to be 0.73 0.02 forv'

=2 and 1.13+ 0.03 fory' =3 of HCI*(A) and 0.55+ 0.04 for

o' =1 of HBrf(A).
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Figure 3. log(oem) Vs log(Er) plots for (a) the HCt(A—X) band and
the H; line from HCI and (b) the HBf(A—X) band and the Klline
from HBr.
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Figure 4 showd>,/Py and P3/Pq for HCIT(A) and P4/Pg for
HBr*(A) in the Er = 120—200 meV range. All ratios increase
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Figure 5. (a) Observed spectrun®j of the 0-0 band for the HCI-
(A—X) emission measured &z = 150 meV with the 0.2 nm fwhm
resolution; the upper trace represents the best-fit synthetic spectrum,
and the lower is the residual; (b) rotational populations of H&) v/

= 0). The broken line represents a Boltzmann temperature of 600 K.

computer simulation to determine the rotational distributions
of HCIT(A) and HBrt(A). The emission intensity of a transition
from the ¢/, N') state to the«{', N"') state is represented by eq
5. The transition frequencies for the HCA2Z+—X2I1) band
were calculated by the formuf&dor the rotational energy levels
of the X and A states with the revised spectroscopic constants.
Those for HBF(A—X) were calculated by the spectroscopic
constants reported by Lebretéh.The line strengths were
calculated according to the formula given by Kog# with the
spectroscopic dat4:?® The Hg line at 365 nm was used as a
slit function that was convoluted into the rotational lines to
calculate the spectral envelope.

Figure 5a shows the observed and synthetic spectra for the
0—0 band of the HCI(A—X) emission. In preliminary analysis,
it was found that the weak-1, 2—1, 3—2, and 4-2 bands
were heavily overlapped with the-® band. To evaluate the
rotational populations for HC(A, ¢/ = 0), the intensities of
these weak bands were treated as fitting parameters in the band-
envelope analysis under the assumption that the rotational
distributions for thes" = 1—4 levels are represented by
Boltzmann temperatures; in this analysis, the Boltzmann tem-
peratures for' = 1—4 were fixed at 550, 500, 400, and 350 K,
respectively, as observed by Obase et dlhe rotational
populations obtained for the HQA, v = 0) state are shown
in Figure 5b. It is obvious that a simple Boltzmann temperature
cannot represent the distribution because the plot is not straight.
It was found that a double-Boltzmann distribution successfully
explains the observed distribution; the best-fitted temperatures
are 180+ 40 and 770+ 100 K, and the component with the
higher temperatures is (22 4)%. Obase et dlreported a value

with Er. The ratios extrapolated to the thermal region agree of 6004 100 K for the rotational temperature of HGA, v/ =
reasonably with the PIOS data but are shifted to lower than the 0). In the present result, the populations fér= 0—14 can be

PIES data. The discrepancy Bf/Py for HBr™(A) between the

fitted with a Boltzmann temperature of 55600 K as shown

PIOS and PIES data may be partly caused by predissociation in Figure 5b. Thus, the present data does not contradict the
as described minutely below. Nevertheless, the correction of results of Obase et al.

the PIOS data for predissociation was estimated to be 5% at The 0-0 and -0 bands for the HBT(AZZ-X?I13/;) emis-

the most. The positive slope of the ratios observed in this study sion were analyzed by the band envelopes of the single band.
supports that the discrepancy between the PIES and PIOS datdigure 6 shows the observed and synthetic spectra of-tte 0
originates in the postcollision interactions between the transla- band, and Figure 7 shows the rotational distributions for.the

tional and the vibrational mode of the product fokloreover,
the slopes for HCI(A) are nearly equal to that foPy/Pg of
HBr*(A). This indicates that the interactions affect the vibra-
tional distributions of the product ions to the same degree.
4.4. Rotational Populations for HCIf(A) and HBr *(A). The

= 0 and 1 state of HBI(A). Because the plot fo#' = 0 is not
straight, the distribution foe’ = 0 (shown in Figure 7) was
analyzed with a double-Boltzmann distribution; the best-fitted
temperatures were 246 30 and 1100+ 150 K, and the
component with the higher temperature was 64)%. The

observed emission spectra were analyzed by means of arotational distributions for the HBXA) state decrease suddenly
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aboveN' = 21 for v’ = 0 andN' = 12 for ' = 1 because of
predissociation to HE) + Br+(3P)2% For v/ = 1, the rotational
distribution for N' = 0—11 can be represented by a single
temperature, 46@- 40 K, probably because the component with
higher temperature observed fdr= 0 mainly contributes to
the populations foN' > 12.

Tokue et al.
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Figure 9. Same as in Figure 8 but for HB{A, »' = 0, 1); O, O) for
v = 0 and @) for v/ = 1, this work and @) for ' = 0 and @) for
v =1 from ref 7.

The bimodal rotational distributions of thé = 0 level for
HCIT(A) and HBr"(A) might originate in one of the following
three causes: (A) rotational relaxations or the electronic
guenching of the emitter by collisions with helium atoms; (B)
the contribution from the He8) component; and (C) dynami-
cal effects of the structure to exist in the entrance and exit
surfaces.

Cause A. The radiative lifetimes for both HC[A) and
HBrt(A) are reported to be about 4s?° The collision
probability of the emitter for the radiative lifetime is estimated
to be on the order of 10 based on the background pressure at
the collision region on the assumption of a quenching cross
section of 50x 10720 m2. Thus, rotational relaxation or
qguenching of the emitter is negligible.

Cause B.In this experiment, He(%5) was estimated to be
10% in the He* beam. The quenching cross sections for the
Penning ionization of HCI were reported to be £21072° m?2
for He(2S) and 145« 10729 m? for He(2S)18 The contribution
of He(2S) to the formation of HCI(A) is estimated to be 20%.
Obase et al.reported that the He?3) results on effective
rotational temperatures for HQA, v = 0—3) agree well with
the He(2S) result reported by de Vries et®IThis fact suggests
that the differences in the reactions of H&pand He(2S) with
HCI do not affect the Penning ionization dynamics for the
formation of HCI"(A). This consideration may be applied to
the formations of HBF(A).

Cause C.When the Penning ionization occurs, the HEle
system transfers from the potential surface for the entrance
channel ¥*) into that for the exit channeM*); the ionization
is essentially the FranekCondon type. The collision energy
dependence of theem for the HCIF(A—X) band shows that
the repulsive part of the entrance surface has no effect upon
the ionization. Thus, the ionizations occur in the attractive region
on the inward leg of the trajectory, before the classical turning
point (Rc) of the entrance surface; in the H&&—HCI system,

Rc is estimated to be 0.34 nm fér= 0°, 0.22 nm for6 = 90°,
and 0.27 nm for® = 18C° (see Figure 1). The surface of the
exit channel, HCI(A2Z") + He(11S), has a deep well of about

Figure 8 shows the dependence of rotational temperatures250 meV atR(Cl—He) = 0.24 nm for6 = 0°, whereas the

for o/ = 0 of HCI*(A), and Figure 9 shows those fof = 0
and 1 of HBf(A). The observed temperatures are constant in
the 126-200 meV region, whereas the vibrational distribution

surface has only a shallow well of 20 meV fér= 90° (see
Figure 2).
In the case that the transfer to the exit channel occurs at

is enhanced with increasing collision energy. This result suggestsattractive regions in a direction perpendicular to the molecular

that HCI*(A) and HBr"(A) are mainly produced by the collinear
collision of target molecules and Hé& atoms and the
subsequent ejection of ar®lectron with the H-Cl bonding
character.

axis, the ionizations deposit the HeHCI(A) products in the
slightly attractive region maintaining the initial kinetic energy
because the two surfaces are very similar in the vicinity of that
direction. The products feel a deep well in the directio of
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0° and can gain the torque that deforms the conformation from the 0-0 band of the HCi(A—X) and HBr"(A—X) transitions
bend to linear. Consequently, the products in some trajectoriesdecrease with increasing the collision energy. This indicates that
should be rotationally excited. This dynamical effect of the the repulsive part of the entrance surface is ineffective on the
anisotropic attractive structure in the exit surface may produce ionization dynamics. The vibrational distributions of HQA)

the rotationally hot HCt(A). This T — R energy transfer will and HBrf(A) are enhanced with increasing collision energy,
be source for the major component of H@\) with higher whereas the rotational distributions of HCA, v = 0) and
temperature. HBr(A, ' = 0, 1) are independent of the collision energy.

In the other case that the ionization occurs at attractive regionsThis trend suggests that the Penning ionization occurs mainly
in the collinear direction, especially from the hydrogen atom by the collinear collision. The detailed analysis of the rotational
side, the ionizations deposit the products on the deep attractivedistribution shows a bimodal distribution of thé = 0 level
surface. The HCI(A) + He products with reduced energy ina for HCI*(A) and HBr"(A); the component with higher temper-
relative translation would suffer a mild collision with the hard ature is 70% for HCt(A) and 50% for HBF(A). The major
repulsive wall and then depart from each other maintaining the components with higher temperature seem to be originated in
initial angular momentum. Little energy would be transferred the dynamical effect of — R energy transfer based on the
to rotation of HCI(A). This mechanism, which produces the anisotropic attractive surface of the exit channel, whereas the
rotationally cold HCF(A) seems to be minor because the area mild collision with the repulsive wall of the exit surface may

with deep well is not so large. produce the rotationally cold ion. We are currently calculating
A less likely mechanistic possibility for production of the the theoretical populations of the HGA) state based on the
bimodal rotational distributions arises if the HCA%Z") + He more accurate potential surfaces of the entrance and exit

product transfers into the HQIX2I1) + He surface by rotational ~ channels.

coupling. The magnitude of the rotational coupling is ap-
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