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bk I INTRODUCTION
' :::;.
B Molecular ions are prevalent in a wide range of gaseous media, including
§:: the earth's and other planetary atmospheres and ionospheres, interstellar
é,:.'j space, gas discharges and lasers, MHD power generators, rocket exhaust plumes,
'l':\} and ballistic missile reentry wakes. A detailed knowledge of their structure
and reactions i3 required in the development of both diagnostic techniques and
-: theoretical models of the media.
E" The goal of the research on Contract F49620-81-K-0006 was to apply the
"‘:3 unique technique of photofragment spectroscopy to determine the structure and
Mtk dissociation dynamics of small molecular ions. Our implementation of photo-
‘ :'j fragment spectroscopy under this contract simultaneously employed sub-Doppler
sz optical resolution and high dissociation fragment kinetic energy resolution.
-'§:: The technique 1is demonstrated to yield the identification, potential energy
| curves, and molecular constants of ion electronic states, precise bond
; s dissociation energies and ionization potentials, excited state lifetimes, and
fq product branching ratios. In particular, this research provides detailed
;-:33 information on the interactions among molecular electronic states and the
partitioning of internal and translational energy in the dissociation process.
iﬁ This research was begun on 15 November 1980. Over the course of this
2:; research, we have applied the technique of photofragment spectroscopy to the
" tons 0,7, No*, N,™*, so*, ou", s#, and cHy1*. oOur work on each of these
- species has provided new insights into the process of molecular dissociation
":O dynamics and the inverse process of fon-atom collisions. One of the more not-
:2 able achievements of this research was to observe for the first time a marked
:: selectivity among atomic fine—structure states in a molecular dissociation,
ol which has stimulated the introduction of new theoretical models to describe
.-_::: this process. The research has also provided the first experimental observa-
_.::: tion of a strong rotational dependence in the angular distribution of disso-
:::E: cliation fragments, verifying a theoretical model introduced two decades
v earlier. In addition, it provided the first definitive evidence for the
: existence of a stable doubly-charged diatomic ion that had been postulated
ua
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%\" nearly three decades ago, as well as spectroscopic identification of

' long-lived excited electronic states in ions produced by electron-impact
-, ionization. Our work has further found that assumptions regarding the
f:e. randomization of internal energy should not be routinely applied to all
| 3 polyatomic ions.

A brief discription of the experimental technique used in this research
i >, is given in the next section. This is followed by a summary of the research
results for individual ionic species.
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~ II EXPERIMENTAL APPROACH

- The high reactivity of molecular ions and the very low densities with

i% which they can be produced preclude direct application of the traditional
?;E spectroscopic techniques developed for neutral species to the study of
7?}5 molecular ion excited states. Consequently, current information on the
' structure and internal energy states of molecular ions is extremely limited
5}4 and, before the inception of our research, the dynamic evolution of these
Eié states could only be indirectly inferred. We have found that photodissoci-
ltj ation can be used as a particularly sensitive probe to obtain detailed

;4 information on molecular ion energy levels. This information-1is analogous to,
o and indeed surpasses, that obtained for neutral molecules using absorption
‘tg spectroscopy.
;i% In our technique, a laser is used to pump the molecular ion from specific
. ] vibrational, rotational, and fine-structure levels in a bound electronic state
;?ﬁ to levels in an excited state of the fon that lie in energy above its dissoci-

2 ation limit. If these levels are predissociated (as 1is generally the case),
{4 the absorption of photons can be detected with high efficiency by the
appearance of a fragment ion. Moreover, the kinetic energy and angular

‘jq distribution of the fragment ion are directly measured. This technique is
':; termed photofragment spectroscopy.

g

fﬁ: To implement this technique, we coustructed (under our previous AFOSR
g

1

contract) an unique laser—-ion coaxial beams photofragment spectrometer, shown

schematically in Figure 1. The ions are produced in an electron impact ion

T
GO

4.’!-

source, extracted to form a beam, and accelerated under collision-free

A " conditions to several thousand electron volts of energy. The desired mass
f“' species is selected by a magnetic sector, collimated to 2 mrad angular
,ﬁ divergence, and bent by 90 degrees into the photon interaction region by a

two~-dimensional electrostatic quadrupole field. In this region the ions are

s

intersected by a coaxial laser beam. Fragment ions produced in this region
v are directed by a second quadrupole field either into a high resolution
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N
\;5 hemispherical electrostatic energy analyzer and detected by electron multip-
{ lier M1, or directly into electron multiplier M2.
:ﬁj There are two basic methods for observing the photodissociation process
'j; with this apparatus, depending on whether the frequency of the irradiating
?ﬁ lagser i3 fixed or scanned. In the first method, the ion beam is irradiated
with a fixed laser wavelength and the transmission maxima of both the second
f; quadrupole and the electrostatic energy analyzer are scanned. The resulting
:j; kinetic energy spectrum of the photofraément iong identifies the locations of
35: both the absorbing and dissociating ion states relative to the molecules'
‘ dissociation limit (rather than only relative to each other as in purely
gﬁ optical techniques), the mass of the fragment ions, the angular distribution
;i of the fragment ions, and the internal energy states of the fragment ions.
~tﬁ In the second approach, the wavelength of the laser is scanned and the
;, current of photofragments produced at each increment of laser wavelength is
£$ detected by either a fixed setting of the energy analyzer or by the multiplier
ﬁ% M2, Using the energy analyzer as the detector, one observes only photo-
ﬁ fragments produced with a given energy relative to the dissociation limit.
. This yields the absorption spectrum of the ion for transitions that terminate
b only in the selected range of predissociating levels in the upper electronic
?ﬁ state, but requires many wavelength scans with different energy analyzer
;;1 settings to detect all of the dissoclating levels in the upper electronic
’ state. On the other hand, by directing the fragments produced in the photon
’ interaction region onto multiplier M2, we can reduce the energy selectivity of
2% the apparatus by several orders of magnitude, allowing a wide range of upper
;} state levels to be observed in single wavelength scans.
. As mentioned above, the laser is directed coaxial to the molecular ion
ﬁ: beam. This has the advantage of providing a large region of overlap between
;E the beams, thus increasing the sensitivity of the apparatus for detecting the
:‘ production of photofragments. More importantly, the coaxial geometry allows
_ us to take advantage of the Doppler effect both to vary the frequency of
:; line-tunable lasers and to use velocity compression of the absorption line-
- widths, The frequency of the irradiating laser vo» when observed by the
™ molecular ion beam, is Doppler-shifted to a new value
v ! vy = vo(ltv/c)/[l-(v/c)zlllz, where + refers to photons counterpropagating
: with the ion beam direction, - refers to copropagating photons, and v is the }
-* {
£ :
5.: 5 :
|
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velocity of the ion beam. Thus, by applying a variable voltage to the photon
interaction region, the velocity of the ion beam is scanned, thereby scanning
the effective frequency of a fixed-frequency laser. This is generally applied
to ion lasers, but can also be used with advantage on tunable dye lasers
because the resulting scan is far more linear than can be achieved by the

laser itself.

The second advantage of the coaxial geometry is that it leads to very
small Doppler-width contributions to the absorption lineshapes. Although the
kinetic energy spread of the ions produced in the source is large (~ 1 eV)
compared with that of a room temperature gas, the magnitude of this energy
spread (in the laboratory system) remains unchanged as the beam is accelerated
to several thousand electron volts. This results in the well-known kinematic
compression in the ion beam velocity spread and permits Doppler widths equiva-
lent to those of a gas at a temperature of 1 K or less for absorptions in the
coaxial laser ion beam configuration. The predissociation lifetimes of
discrete vibrational, rotational, and fine-structure levels can thus be

measured directly from the broadened absorption linewidths of transitions into

the predissociated level.
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{i:f I11 RESEARCH ACCOMPLISHMENTS

i Research under this contract has entailed study of the photodissociative
?{? processes in N2++, N0+, 0H+, SO+, 02+, SH+, and CH3I+. The results for each
l}?{ of these species are summarized below.
| A N
{3'; The doubly charged ions of NZ' 0y, and NO are known to occur in ionized
3 atmospheric gases, but because of their very high reactivity, only limited
:L experimental knowledge of their structure and properties exists. Theory
t ~ predicts that the large Coulombic repulsion between their single-charged
fzﬁ constituent atoms is overcome by chemical bonding forces only at short inter-
:ﬁ:j nuclear distances. Consequently, even the ground electronic states of these
'ikj species are metastable with respect to dissociation into two single-charged
L atoms. However, several of the electronic states in these species are pre-
?:f‘ dicted to exhibit energetic barriers with respect to dissociation. These
;;&‘ barriers can be wide enough that the predissociation lifetimes of the lower
é;?f vibrational levels may be nearly infinite in the absence of external perturba-

tion. Nevertheless, these species had been uniquely identified only in mass

j;f spectrometers, where they were observed to spontaneously dissociate. Before
,iiﬁ our research, there existed only one tentative optical measurement of a doubly
%:i charged diatomic ion: Cart0112 in 1958 observed a single vibrational band
V" within the vuv emission spectrum of a Nz-ﬂe discharge that he suggested might
jigs be the D4£u+(v-0) > X128+(v-0) transition in N2++, primarily because the
?‘;: rotational constants in this band did not agree with the known electronic
isg states in either N, or N2+.

We observe N2++ to photodissociate into Nt + N in a series of structured
bands over the wavelength region of 6700 -~ 5100 A, Rotational analysis of

five of these bands identifies the absorption as 111'1u + X128+(v-0,1.2).

- a

Figure 2 shows the potential energy curves for these states, Three vibra-

Bt

L b

tional levels of the 11nu state are observed to predissociate. The upper two

:i’: levels predissociate by tunneling through the Coulombic barrier, whereas the
e

,-.;3 7
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FIGURE 2 POTENTIAL ENERGY CURVES OF N;*

Lower solid curve is the RKR potential of the x's* state
derived in this work. Upper solid and short-dashed curves
are the RKR potentials of the 1’ l'Iu state obtained assuming
the vibrational numbering of the observed levels was 1,2,3
and 6,7.8, respectively. The long-dashed curves are those
caiculated by theory. The dotted curve is a theoretical
estimate for the location of the predissociating state.
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lowest level is predissociated by spin-orbit coupling to the 1‘zu' state. The
( molecular constants for the ground state confirm the tentative identification

of Carroll's emission band. Potential energy curves are constructed for the

Ly

X128+ and llﬂu states and are used to resolve the conflicting results from

e
' .
S W,

three independent theoretical calculations of the N2++ electronic states.

Ot
A R
‘
L]

Kinetic energy analysis of the Nt photofragments also allowed us to establish
the first definitive value for the appearance potential of N2++. A complete
discription of this work has been published in The Physical Review and is

LR

A
L )

- attached as Appendix A to this report.

In addition to the work discussed’above, we observe a structured band in
N the photofragment spectrum of N2++ near 6600 A that is not related to the llﬂu
- X128+ transition (see Fig. 1 of Appendix A). It is likely that this band
- accesses the lowest triplet manifold of N2++, which would warrant further

study of this ion at longer wavelengths. Moreover, the technique of photo-

R

fragment spectroscopy, which is so successfully applied here to N2++, is
directly applicable to the other atmospheric doubly charged ions Nott and

RSN,
PP

02++, for which absolutely no spectroscopic information is yet available.

.

B. No'

'i' We observe the No% ion to selectively photodissociate into ot and N*
fragments in several extensive series of electronic absorptions over the wave-

length region of 6950 - 5200 A. These transitions are summarized in Figure 3,

which shows the measured locations of the vibrational levels in the upper and

lower electronic states involved in the transitions relative to the energy of
NO(X2I,v=0).

BTN

In the band system labelled I in Figurc 3, three vibrational levels of

7%} the b'I5” state are found to access 20 vibrational levels of the 231 state,

f: which predissociate to 0+(AS) + N(as) products. A complete discription of our

S

jj work on this band system has been published in The Journal of Chemical Physics
) and is included as Appendix B to this report. In band systems labelled II and

2 III in Figure 3, electronic transitions are observed from 10 vibrational

o

{; levels of the w3A state into four vibrational levels of a higher state, which

:j predissociate into O+(4S) + N(4S) and two vibrational levels, which

‘ predissociate into N+( 3?) + 0(3P). The upper electronic state in both of

.
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FIGURE3 OBSERVED NO' ENERGY LEVELS

Transitions which resuit in predissociation of NO" are shown by the vertical lines.
Thae horizontal lines connected by these transitions are the measured locations
of the lower electronic state vibrational levels populated in the ion beam and the
) predissociated vibrational levels in the upper electronic states. The energy scale
' is relative to NO(X2[1, v = 0). Expected locations for the levels in the b’ 35~
’ w3..\, and w' A states are shown by the dashed horizontal lines labeiled
by vibrational guantum numbers.
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these systems is believed to be the 2'3n state, which is responsible for the

homogeneous perturbation of the 23H state observed in band system I.

A fourth band system, labelled IV in Figure 3, accesses a single level

lA state. The

predissociating to N* + 0 from four vibrational levels of the W
predissociated state in this system is likely the 21H state. In addition, one
set of transitions into several predissociated rotational levels lying near
the 07 + N dissociation limit is observed. The lower state in these transi-
tions, labelled V in Figure 3, corresponds in energy to v = 0 of the WlA
state; the upper state is likely the AIH(v-ll) in high (J~20) rotational
levels, although reliable assignment of either state 1is impossible on the
basis of system V alone. The details of our work on band systems II - V will

be reported in a forthcoming publication.

Our study of the photofragment spectroscopy of NO* has yielded the first
observation of three electronic states in the important region of this ion's
lowest dissociation limits. The results should have significance in explain-
ing the relative abundance of N* and 0% in the ionosphere. In addition, the
locations of the lower state levels observed in this work permit substantial
improvement to the existing vibrational constants of the b'32-, w3A, and wlA
states, which had hitherto only been observed by photoelectron spectroscopy.
Finally, one of the most remarkable features of our work on NO* has been the
detection of significant populations existing in the b', w, and W states more
than 10 ps after this ion's formation by electron impact on NO gas., Clearly,
the existence of numerous metastable electrounic states in this species must be

considered in any‘attempt to understand the reactions of nascent No'.

c. on"

The charge-transfer reaction ut + 0 > of + H 1s the first step in the
interstellar chemical cycle leading to the formation of OH. The reverse
reaction represents the major ionization source for atomic hydrogen in the
earth's ionosphere. The high rate at which this reaction proceeds in either
direction derives in part from the accidental coincidence between the
dissociation limits 0(3P1) + HY and 0+(48) + a(ZS), which are degenerate
within the current knowledge of the ionization potentials of atomic oxygen and
hydrogen. The effect of this degeneracy on the long-range behavior of the

lower electronic states of OH' is shown in Figure 4a. The importance of the




charge—-exchange reaction has triggered a number of theoretical investigations,
the most fundamental being the close-coupling calculations of Chambaud et al.,3
who explicitly included the fine-structure excitation in the charge-exchange
channel., These authors showed that the charge-transfer event arises from
dynamic coupling among the out molecular states at large internuclear
separations (4 - 6 A), with enhancement in the cross section at specific

energies corresponding to shape resonances in the A?H state.

Our work on this ion has allowed the first experimental study of two such
resonances, which in a molecular picture may be viewed as quasibound levels of
the adiabatic fine-structure states of A}H shown in Figure 4a. These levels
were excited from the st‘ ground state in a mass-selected OH' beam with a cw
UV laser. The observed transitions are shown by the vertical lines labelled 1
and II in Pigure 4b. The dissociative decay of the A state resonances into
ot + H was monitored by observation of the charged photofragments and measure-
ment of their kinetic energy distribution. Analysis of the excitation
spectrum, the photofragment separation energies and the excitation linewidths
of the resonances allowed the assignment of quantum numbers to the resonances
and a first direct measurement of the ou’ dissociation energy. The details of
this work have been reported in a paper that has been accepted for publication
in The Physical Review. This paper 1s attached as Appendix C to this report.

Our observation of predissociated quasibound levels in the A3H state now
opens the possibility for an experimental study of the long-range interactions
in OH'. The observed fragmentation into the ot channel is direct evidence for
the action of nonadiabatic couplings between the 3H and the 3’52' states,
which correlate to the 0+(48) + H(Zs) limit. A first search for photo-
fragments reaching the ut o+ 0(3P) channel has been unsuccessful; the low
sensitivity of the present apparatus configuration did not allow discrimi-

nation between a light photofragment 'nd a heavy diatomic molecular ion.

Modifications of the detection sv .. - wuld permit observation of these
photofragments in future work.

In addition to the A3H - X32- t' - ». ons discussed above, we have also
observed two transitions in the region of 3500 A that produce photofragments

R

with kinetic energies 20 times higher than those from the A state. On the

ot e e

S

basis of the measured kinetic energy releases and the transition energies, we
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(a) Asymptotic rotationless potential curves for the lower

electronic states of OM* showing the correlation of their
spin-orbit components at large internuclear distances.

(b) Potential energy curves for the lower electronic states
of OH™. The observed transitions are shown as the vertical

arrows labeled [, [I, and II.
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could tentatively assign these transitions to the clﬂ(v-O) « alA(v-O) band.
3

The ¢ state had never previously been observed, but calculations™ place it in
the region of the upper state levels observed in the photodissociation. This
55, which is

calculated to pass through this region. More definitive answers will require

state is apparently predissociated by spin-orbit coupling to the
investigation of the 3500 A region with a tunable laser.

p. sot

The so* ion, which is isosteric with Oi+, but lacks the g-u symmetry
restrictions on its electronic states, had not been observed spectroscopically
until recently. The photoelectron spectrum of the SO radical has been mea-
sured, but numerous features resulting from impurity species obscured the
origins of the lowest quartet state a“n and the first excited doublet state
A?H. Tsuji, Nishimura, and coworkers4 have made an extensive series of low
resolution observations on the fluorescence from a He/SOz afterglow and
identified the bands A?H(V-O-ll) -+ XZH(V'O-IO). This established the origin
of the A state relative to that of the X. Their work has just been extended
to longer wavelengths and higher resolution by Cossart, Lavendy, and R.obbe,5
who reported the first observation of emission from sot quartet states. They
observed and rotationally analyzed the baz-(v-O-Z) > a“H(v-O) progression,
thus establishing the relative energies of the a and b states. They also give
the theoretical and experimental potential energy curves for the lower
electronic states of the SO' ion.

We have found that the SO* ion, produced from dissociative ionization of
S0,, undergoes photodissociation into st + 0 over the wavelength range of
6900 - 5750 A. The photodissociation occurs in a series of structured bands
that are assigned to absorptions in the b“t- * aaﬂ system of so*, shown by the
vertical lines in Figure 5. The predissociations occur from v = 7-13 of the b

state. Higher vibrational levels extending to >15000 cm_l

above the origin of
the b state also appear to predissociate. The predissociation lifetime of

baz-(v-7) is found to be in the range 5 < t < 26 ps, and is likely due to

decay by spin-orbit coupling with the 4Z+ state arising from the
S+(AS) + 0(3P) separated atom limit,
14
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Electronic absorptions into the b state are observed from v = 1-12 of the

a“ﬂ state. The population distribution in the a state is derived from the
observed transitions. The a state is found to be nearly uniformly populated
in its lower vibrational levels, in marked contrast to the distribution
expected if the ion had been formed by direct ionization. The short predisso-
ciation lifetime of the b state prevented resolution of the complex rotational
structure of the b « a absorptions. However, moderate resolution (~1 cm’l)
spectra of the band envelopes and kinetic energy releases measured for the
photofragments were combined with existing data from photoelectron spectra and
high resolution emission spectra to yield an absolute measurement of the
dissociation energies for the b and a states and vibrational constants for
these states that are valid over an extensive range of their potentials were
also obtained. This work is described in detail in a paper that has been
accepted for publication in The Journal of Chemical Physics. This paper is

attached as Appendix D to this report.

It is especially notable that the vibrational constants for the a*n state
obtained from our work differ greatly from those reported by Cossart et al.,
who appareatly misassigned the weak (v',v”) = (2,2) band in their emission
spectrum. When we reassigned this band as the (1,1), the data from
Cossart et al., photoelectron spectroscopy, and photofragment spectroscopy are
accurately described by a single set of vibrational constants. This demon-
strates the unique advantage of photofragment spectroscopy to identify
unambiguously the upper state in a transition on the basis of its photo-
fragment kinetic energy.

E. +
%

The 0i+ ion provides such a rich photodissociation spectrum that it has
served over the years as a nearly ideal prototype species for the study of
photofragment spectroscopy. The reasons for this are two-fold: (1) A high
concentration of 02+, formed by direct 1lonization of 02 gas, is produced in
the a‘nu state. This state is metastable and has a potential energy well
shallow enough so that the first dissociation limit 1is accessible with visible
photons, thus allowing the use of high power, cw tunable lasers. (2) This
lowest dissociation limit, the 0+(As) + 0(3P), gives rise to twelve molecular

states that correlate to the three atomic fine-structure states of the O atom,




allowing the study of a wide range of short- and long-range interactions in ;
both direct and predissociative photodissociation processes. Moreover, many '
of these electronic states have high multiplicities (quartets and sextets) not

readily found in the neutral molecules that constitute the great body of

traditional spectroscopic research.

Figure 6 shows the current of ot photofragments-- produced with kinetic
energies in the range of 0 - 20 meV— that is observed over the photon energy
range of 14300 - 17500 cm’l. The spectrum shows numerous structured bands
superimposed on a continuum background. The background arises from direct
photodissociation due to transitions from various vibrational and rotational
levels of the aanu state to the repulsive wall of the f“ng state. Figure 7
shows the potential energy curves of these states and others in the region of
the lowest dissociation limit of 02+. This direct dissociation process has
been studied by Tabche-Fouhaille et a1.6 and Grieman et al.7 These studies
allowed the first experimental observation of the f state, which had hitherto

been predicted only by theory. The series of bands appearing in Figure 6 that
are labelled b + a arise from discrete transitions from the aanu(v-a-7) into
the bazg-(v-k) level, which subsequently predissociates. We characterized

this basic process under an earlier contract to obtain highly accurate

8

molecular constants™ for the a and b states and a precise measurement of the

0, dissociation energy.9 More recently, the study of this system has been

extended under other support to higher vibrational levels of the b state,lo’u

allowing a unique determination of the predissociation mechanism and the first
by + 12
g

The photodissociation process of interest here is manifested by the

experimental observation of the location of the state.

series of structured bands in Figure 6 labelled £ + a. We have rotationally
analyzed these bands at high resolution and established that they arise from
transitions from aanu(v-5—7) into the f“Hg(v-l-B) levels. The f state had
been predicted by a number of theoretical calculations to have a barrier in
its potential energy curve. The presence of this barrier is evidenced by the
abrupt cut-off in the direct dissociation process which gives rise to the
humps in the photodissociation continuum that appear in Figure 6 to the blue
of the discrete bands labeled (3,v"). We have found13 that this bdbarrier is
sufficiently high to support two quasibound vibrational levels, v = 2 and 3,
above the 0+(48) + 0(3P2) dissociation limit and that these levels are

17
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?ﬂk predissociated by several mechanisms, as discussed below. The v = ] level

{ lies below the dissociation limit; only its very highest rotational levels

ff.; appear in the spectrum shown in Figure 6. The rotational lines in the Q = 2.5

_?j\ and 1.5 subbands of v = 2 and 3 were resolved by directly observing the
photofragment spectrum generated by a single-mode dye laser. Because of
extensive blending arising from their very rapid predissociation, the 2 = 0.5

Ny and -0.5 subbands and all lines terminating in v = 1 could only be

rotationally resolved through the use of an optical-optical double resonance

14

technique. Table I gives the merged molecular constants for the f state

OB
* J'-’ Py

derived from these studies.

*
[y

The very high optical resolution afforded by our technique allows the

v
i§£3 inhomogeneous linewidth for absorptions into the predissociated levels of the
{ﬂﬁ f state to be accurately determined, thereby establishing the predissociation
N mechanisms. These linewidths (I') are related to the predissociation lifetime

: (t) of the pumped level by the uncertainty principle as I' = 1/2nv. Figure 8
"': shows the linewidths and lifetimes measured for the rotational and
*;E fine-structure levels in v = 3 of the f state. The measurements were made on
. three isotopic combinations of 02+- 16,16; 16,18; and 18,18-- where the
'}ﬂ effect of the heavier mass is to lower the energy of the vibrational level in
'H§ the potential well. It is seen that the rotational dependence of these

,Q lifetimes is nearly exponential, demonstrating that v = 3 predissociates by

’ tunnelling through the barrier in its potential energy curve. We have used an
§; extension of the RKR technique, combining the rovibrational level locations
)s (Table I) and tunnelling lifetimes, to determine the f state potential energy
;ﬁs curve shown in Figure 7. The absorption linewidths measured for v = 2 of the

f state are shown in Figure 9. In contrast with v = 3, the lifetimes in v = 2

x:{ are nearly independent of rotation. This level cannot predissociate by

'-; tunnelling; it lies too far in energy below the top of the barrier. Rather,
r~. v = 2 must be predissociated by spin-orbit coupling to the continuum of one or
Ay more other states arising from the o"'(l‘S) + 0(31’) dissociation limit.
éai The 1ifetimes measured for v = 2 and 3 in the four substates of the f“ﬂu
‘:&3 are summarized in Table II. Also shown in this table are the relative
‘::: linewidths expected in these substates as a result of predissociation by

spin-orbit coupling to the other gerade states arising from the lowest

i%: dissociation limit. Only coupling to the 6H8 provides a reasonable

4
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Table I. MOLECULAR CONSTANTS OF 02+ faﬂg STATE

Isotope voa X 10-6)

16,16 15347.23(88) -47.97(36) 0.5142(88) [0.5087]

16,16 15604.057(53) -45.726(37) 0.88(68) 0.50107(107) 1.65(13)
16,18 15753.419(120) -45.997(81) 1.79(88) 0.47465(139) 1.24(16)
18,18 15907.657(133) -46.275(93) 0.68(2.52) 0.4524(48) 2.9(3.0)

16,16 15789.677(34) -40.148(24) 6.59(52) 0.42395(92)  4.46(47)
16,18 15941.4887(84) -41.0202(65) 5.97(29) 0.41124(50)  3.75(28)
18,18 16097.2333(41) =41.7790(33) 4.735(65) 0.395851(15) 2.86(8)

3 Band origins are relative to aanu(v-6). The origins of f4H (v=3) lie

362.2 + 1.8 cn™', 348.5 cm™’, and 333.1 cu”! above 0'(*s) + o(3p,) for

16’1602+, 16’1802+, and 18’1802+, respectively.
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The linewidths are plotted for the three isotopic combinations of this
ion as a function of the rotational level energy in cm°1 relative to its
substate origin. Predissociation lifetimes corresponding to the measured
linewidths range from 14 ps to 4 ps.
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Table II. OBSERVED LINEWIDITHS (GHz) IN THE fbl'IQ
SUBSTATES AND THE RELATIVE LINEWIDTHS EXPECTED DUE TO SPIN-ORBIT
COUPLING TO VARIOUS 02+ GERADE STATES.,

Observed Predicted I' (relative)

ERACRICE T P L I R BINE B.
e Gy o e A

I'(v=2) T'(v=3)

14.920.4 4.820.2 0 0

30.8+2.2 12.2%0.2 1 0 3 3 6

113£16 6813 1 1 4 3 3

41347 34933 0 3 3 2 1
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explanation for the observed linewidth ratio of 2.0 * 0.3 for v = 2 in the

Q = 1,5 and 2.5 substates. Moreover, Epin-orbit coupling to the 22g+ must
also occur to account for the very rapid predissociation of v = 2 and 3 in the
R = * 0.5 substates. The locations of the potential energy curves for both of
these states given in Figure 7 are taken from the recent calculations of
Marian et al.lS It is clear from the observed lifetimes that either the
actual location of the 22g+ state must lie somewhat lower in energy than
calculated or its potential barrier must be substantially smaller than calcu-
lated in order to effectively predissociate the f state. In principle, the
locations of both predissociating states could be more accurately established

on the basis of the observed lifetime ratios for v = 2 and 3 in the f state.

Figure 10 shows the photofragment kinetic energy spectra obtained for
four completely resolved absorption lines that terminate in the lowest
rotational level of v = 3 in the f4H1‘5 and fanz's substates. The different
shapes of the Q and P branch lines arise from the differeant angular distri-
butions of the photofragments; these distributions are produced by the change
in angular momentum caused by the absorbed photon. We also find that the
angular distributions observed in these branches and in the R branch change
rapidly with increased rotation of the molecule. These effects were predicted
by Zare16 in 1964, but are only now experimentally observed. Figure 10 also
shows that multiple photofragment kinetic energy releases are produced in the
predissociation of the single rotational levels. This is due to the produc-

tion of the neutral 0 fragment in different 3

P fine-structure states. We find
that in v = 3, the Q = 1.5 substate predissociates to 3Po, 3P1, and

3P2 in the ratio 0.38:0.32:0.30. We further find that the Q = 2,5 substate
predissociates in the ratio 0:0.29:0.71. This observation of branching among
the atomic fine-structure states is in marked contrast to our results for
predissociation of the b state and for predissociation of all substates in

v = 2 of the f state, where only the lowest energy atomic products are
produced. Whereas the predissociation lifetimes reflect the coupling of the f
state to the other gerade states at short internuclear distance, the final
electronic states of the photofragments are determined by these couplings as
well as the interaction with these states at larger internuclear separa-
tions. If the separation of the products proceeded adiabatically, the

Q = 2,5 substate would produce only 0(3P2) and the Q@ = 1,5 substate would

yield only 0(3P1). The observed yield of products suggests that spin-orbit
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FIGURE 10 PHOTOFRAGMENT KINETIC ENERGY SPECTRA FROM THE
PREDISSOCIATION OF THE LOWEST ROTATIONAL LEVELS
IN THE Q = 3/2 (UPPER FIGURE) AND 2 = 5,2 (CENTER
FIGURE) SUBSTATES OF O f‘ng (v=3)
These levels produce markedly different photofragment angular
distributions when accessed by Q-branch (d J= Q) and P-branch
(AJ =-1) transitions. The observed final state distribution of the
ocp) photofragments is summarized in the lower part of this
figure.
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coupling of the f state to both the ing and the 6Zg+ states must occur at :
( ’ intermediate internuclear distances. Dutup17 has treated these long-range ’
{: interactions in 02+ in detail and finds reasonable agreement with the observed
,ﬁ ratios. |
7 In summary, our study of the predissociation of the 02+ fAIIg state has 1
g yielded the first molecular constants and experimental potential energy curve
i: for this state, a detailed understanding of its predissociation mechanisms, ‘
%j the first observation of variations in the angular distribution of photo-
‘x' fragments as a function of rotation, and the first observation of branching
‘2' among atomic fine-structure levels in a photodissociation. Two papers
;% describing these results in more detail are in preparation.
.:w) :
W P sH”
f{ The SH' ion plays a major role in the sulfur chemistry of the inter-
,E: stellar medium and can be expected to participate in combustion and plasmas 3
fii containing sulfur or its compounds. The order of the lower electronic states
" in Sﬂ+, shown by the potential energy curves in Figure 11, 1s similar to that
", of 0H+; however, the relative energies of these states and the limits to which
:S they correlate have been greatly influenced by the much lower ionization ]
-:: potential of the sulfur atom. 3
= The locations of the bound electronic states of SH' shown in Figure 11
s, have been established by photoelectron spectroscopy of the SH radical.18 In
h‘: addition, the transitions A;H(V'O) + X3Z-(v-0-2) have been observed at
J moderate resolution in emission19 and Edwards, Maclean, and Sarrezo have
;: recently reported observing predissociation of v = 1 of the A state in the }
5; (1,3) band of this system.
35 We have observed predissociation of sit into S* + H at moderate (1 cm'l) :
:: resolution over the wavelength range of 6520 - 5800 A in an extensive series :
.‘t of structured bands. By measuring the kinetic energies of the st photo-
'ﬁ fragments produced at discrete photon energies, we establish the energetic :
‘q locations of the absorbing and predissociating states as given by the vertical 1
:h arrows labelled I, II, and III in Figure 1l. Rotational analysis of predisso- 3
“ ciation band I identified the absorbing state as the alA(v~7) and the 1
o predissociating state as one vibrational level of the cln. This level of the ]
Eﬁ c state 1s found to predissociate to the S+(AS) limit with a kinetic energy ;
~ {
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release of ~ 1.8 eV. Since no lower kinetic energy releases were observed
from this band system, we assume the predissociating level of the c state is
v = 0, This is supported by the ionization potential measured for this state
by photoelectron spectroscopy. Higher vibrational levels of the c state are
not observed in the photoelectron spectrum because of overlap by intense
impurity features. Consequently, the equilibrium internuclear distance for
this state was not known. We have established this distance from the
rotational analysis and used it to construct the potential energy curve for

the c state shown in Figure 11l.

Predissociation bands II exhibit an extensive, overlapping rotational
structure that yields st photofragments with kinetic energies ~ 50 meV. The
most consistent explanation of these bands is that the absorptions occur from
high vibrational levels of the alA state into v = 1 of the ¢ state. The
presumed dissociation mechanism for this level {s tunneling; the c state is
believed to be largely quasibound, with a barrier at large internuclear
separations that 1s due to an avoided crossing of the two lH states arising

from the S+(2D) and S+(2P) separated atom limits,

Finally, a series of bands labelled III in Figure 11, having a structure
characteristic of a 3H « 32 absorption, 1is observed to predissociate into S+ +
H with a kinetic energy release in the range of 0.9 - 1.5 eV. The rotational
structure of these bands is too dense to be assigned in the moderate resolu-
tion spectra thus far obtained. However, the bands almost certainly reflect
absorptions from high (v<ll) vibrational levels of the X state into a number
of vibrational levels of the A state, and these levels are predissociated by

the o%~ state arising from the S+(4S) separated atom limit.

Despite the accurate photofragment kinetic energy releases measured in
the present work, we cannot as yet confirm the bond dissociation energy of
SH. All the bands observed in the present wavelength region originate in high
vibrational levels whose energetic locations are not well characterized.
Further progress on the study of the sit ion will require the measurement of

its photofragment spectrum in the region of 3009 A,

29
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G. CH4I

1. Introduction

The XZE ground electronic state of CH3I+, produced by removing a
nonbonding electron centered on the iodine atom in the neutral molecule,
exhibits a large spin-orbit splitting into §2E3/2 and izEl/z components.

These states appear in the photoelectron spectrum21 of CH3I as two sharp peaks
of roughly equal intensities, with adiabatic ionization potentials22 of 9.5382
and 10.1642 ~ 0.0001 eV, respectively. Weak features that accompany the
photoionization of methyl iodide have been assignedz1 to excitation of the v,,
Var V3 V4 and Ve vibrational modes in the ground state of the ion with

frequencies comparable to those in the neutral molecule.

The removal of a bonding electron from methyl iodide centered on the

C - I bond produces the first excited electronic state of CH3I+, the Z?Al (in
the C;, point group) or ZZEI/Z (in the C3,* point group where account is taken
of the strong spin-orbit coupling). This state appears in the high resolution
photoelectron spectrum as a very broad peak on which weak vibrational struc-
ture spaced by ~ 300 cm—l is superimposed. The adiabatic ionization potential
of this state 1is fixed at 11.949 < 0.007 eV, and the vibrational structure is
assigned to excitation of its v, (C-1 stretching) mode. This state has been
studied using photoelectron-photoion coincidence spectroscopy by

Eland et a.l.,23 Mintz and Baer,24 25

into CH3+ + I. Comparing the distribution of fragment kinetic energies

and Powis“”, and it is found to dissoclate
produced in the dissociation with those predicted by various statistical
theories of unimolecular dissociation, they found poor agreement except for
very low values (< 50 meV) of kinetic energy release. This led them to sug-
gest that internal conversion to the ground electronic state of the ion and
its subsequent dissociation proceeded too rapidly to allow the equilibration
of internal energy assumed by statistical theory. We show in our present work

that this explanation is clearly not valid.

Photodissociation of CH3I+ has been studied by four laboratories,
including the present work. Morrison and coworker326 first observed photodis~-
sociation of CH3I'+ into CH3+ 4+ I over the wavelength region of
6500 - 4500 A, With a nominal resolution of 3 cm_l, they identified two
extensive series of vibrational bands, which they assigned to absorptions into

the A state from the two spin-orbit components of the X state. They were
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further able to assign the vibrational structure observed in these bands to

progressions in the vy mode of the A state.27 More recently, they have
examined two of the vibrational bands with a resolution of 0.1 cm-l and found

extensive rotational structute.28

Tadjeddine et a1.29 have examined the kinetic energy release distribu-
tions of CH3+ photofragments produced with a spectral resolution of 30 cm-l.
For their investigation they chose three wavelengths corresponding to transi-
tions into the first three photodissociating vibrational levels of
the A state. They were able to measure the anisotropy in the angular distri-
bution of the photofragments, establishing that the A state predissociated by
internal conversion to the 231/2 component of the X state. They further found
that for kinetic energy releases of < 10 meV, the statistical theory of

Kloca30 gave a reasonable account of the dissociation process.

Chupka et al.31 have recently prepared rotationally cold CH3I+ by
resonant two-photon ionization in a supersonic beam of CH3I and observed its
photodissociation over the wavelength region of 6000 - 5730 A, By eliminating
hot bands from the photodissociation spectrum and greatly reducing rotational
congestion, they were able to confirm the vibrational assignments of
Morrison. From their more accurate bandhead spacings and comparison with the
photoelectron spectrum, Chupka et al. conclude that Motrison'327 vibrational
numbering in the v, progressions may be in error by two quanta. Unfor-
tunately, the spectral resolution used in their work was not sufficient to

resolve individual rotational lines in the vibrational bands.

2. Photodissociation of CH3I+ at Moderate Resolution

Under this contract, we have examined the photodissociation spectrum of
CH3I+ at subtantially higher spectral resolution than in previous studies.
Figure 12 shows the current of CH3+ photofragments observed at a spectral
l over the wavelength region of 6100 - 5750 A, The four
spectra shown in this figure were obtained by setting the energy analyzer to

resolution of 0.5 cm

transmit those photofragments produced with center—of-mass kinetic energies of
0, 6, 12, and 20 meV, respectively, for each scan of the dye laser wave-
length. The five bands labeled A - E correspond to transitions from the
XZEI/Z(O,O,O) level into the first five vibrational levels of the A state
that lie above the dissociation threshold. These have been assigned by

31
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FIGURE 12 PHOTON ENERGY DEPENDENCE FOR THE PRODUCTION OF
CH; PHOTOFRAGMENTS FROM CHsl* WITH CENTER-QF-MA

KINETIC ENERGY RELEASES OF 0, 6, 12, AND 20 meV

The spectra were obtained with a laser resolution of 0.5 em™"
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Morrison as the (vl',vz',v3') = (0,0,11), (0,1,7), (0,0,12), (0,1,8), and

(0,0,13) vibrational levels, respectively. Bands appearing at photon energies

1 26

lower than 16700 cm™* are attributed by Morrison“® to hot bands, where the

absorbing X state level is vibrationally excited. The rotational structure in
\rﬁ each of these bands appears to be largely resolved, but we will later show
J that this 1s not the case.

D(CH3I*) = D(CH3I) + IP(CHj) - IP(CH3I),

:kt It has been implied, but never demonstrated, in previous work that the

2;2 onset of photodissociation in the A state corresponds to the point where the
SO energy of the dissociating A state level exceeds the dissociation energy of

A 3 CH3I+. We can calculate this energy D(CH3I+) from the equation:

o

f:;

f,} where D(CH3I) is the dissociation energy of methyl iodide, IP(CH3) is the

i{kl ionization potential of the methyl radical,32 and IP(CH3I) is the ionization
ﬁ;;: potential of methyl 1odide.22 The dissociation energy of methyl jlodide is

ﬁ?ﬁ‘ calculated from the accepted heats of formation33 of CHy, I, and CH3I to be

{ 2.387 *+ 0.001 eV, which yields D(CH3I+) = 2,063 * 0.005 eV. However, a receat
ﬁf; measurement of the photofragment kinetic energy spectrum of methyl iodide34
:;:; has proposed a dissociation energy for this species of 2,294 + 0.021 eV. This

g value yields D(CH3I+) = 1,970 * 0.022 eV. Notice that the difference between

these two values of the dissociation energy greatly exceeds their combined

_;:2 error limits. The 2.063 eV value for the dissociation energy 1is given by the
L{f; arrow and assoclated error bar in Figure 12; the 1.970 value is too small to
:25 appear in this figure.

N We note that the rotational envelopes of the bands labeled A, B, and C
'::: exhibit sharp bandheads in the W = 0 gpectrum since the photofragment kinetic
,:Ss energies produced in the predissociation of their lowest rotational levels
N fall within the 0 - 3 meV transmission window of the energy analyzer. The

< % sharpness of the bandheads progressively decreases with increasing energy

::j transmission setting of the energy analyzer. This is because the higher

1533 analyzer settings discriminate against photofragments produced by the lower
;:bé rotational levels in each of these bands. The rate of bandhead disappearance
o is A> B > C since the energies at the rotational origins of the terminal A
'{?Q state vibrational levels corresponding to these transitions is EA < EB < Eg
\j:

"
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?} relative to the dissociation limit. Photofragments produced in bands D and E
(;' exhibit a more complex dependence on analyzer transmission energy, and this
R relationship will be discussed later. Note that the shape of band A in the
?:E W = 20 meV spectrum corresponds closely to the shape of the weak band labelled
%‘% F in the W = 0 spectrum., Band F lies at a photon energy where Morrison's?’
”'; assignment predicts a transition into the (0,1,6) level of the A state would
S occur, It is clear from the shape of this band and the observed photo-

::ﬁ dissociation at the rotational origin of the (0,0,11) level that the origin of
?;; the (0,1,6) level must lie 14 * 2 meV below the dissociation threshold, such
;é; that only its highest rotational levels can predissociate. This predisso-

&3: ciation of high rotational levels in the (0,1,6) vibrational level

T demonstrates that the onset of photodissociation in the A state is governed by
,53 energy constraints in the dissociation channel rather than by any limitation
’:‘ imposed in the photon-absorption process; it also fixes the energy of the

R photodissociation threshold at 2.087 * 0.002 eV above the izEl/z(0,0,0)

{i{ level., This threshold is 24 * 5 or 117 * 22 meV above the twoc estimates for
S:; the dissociation energy of the EZEI/Z state.
{dg We have also measured the kinetic energy spectra of the CH3+ photo-

T fragments produced near the origins of bands A - E. Since more than one
’52 rovibrational transition falls within the 0.5 cm-1 bandwidth of the laser, the
;QE observed spectra show distributions of kinetic energy release rather than the
b - discrete kinetic energy releases that would be produced in the dissociation of
- a single excited state level. In Figure 13 we have plotted the most probable
'i; kinetic energy releases, wmp, obgserved in the distributions measured for peaks
e A - E as a function of the exciting photon energy; with the exception of a

:; small amount of rotational energy, this photon energy is equivalent to the

_E; energy of the dissociating levels above the izEl/z(0,0,0) level, The kinetic
. energy distributions obtained from bands D and E were found to be bimodal; the
;;3 two values of wmp obtained from each band are plotted in Figure 13. It can
o been seen from this figure that near the dissociation threshold, wmp increases

> essentially linearly. Haney and Frank11n35 have found that the average

;;; release of kinetic energy in fragment ions produced by dissociative*

;;é electro:—impact ionization can be described by the equation me = E /0.44N,
?ﬁj where E 1is the excess energy of the molecule above its dissociation threshold
-.i and N is the number of vibrational modes in the parent ion, and 0.44 is an

;;& empirical factor. This equation 1is consistent with that predicted by more
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The five photon energies shown correspond to absorptions in bands
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0.2525. The arrow at 2.063 eV shows the higher of two possible
values for the dissociation energy of XZE1 2
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5:3: elaborate statistical discriptions of unimolecular dissociation. For CH3I+,
(; 7 this equation predicts wmp should vary linearly with excess energy with a
;:;z slope of 0.2525, as shown by the solid line in Figure 13. The values of wmp
‘{:2- observed in bands A, B, and C are consistent with this equation, but the

:i;i higher values of wmp obtained from bands D and E represent increases much more
”)' rapidly than linear. Rather, the lower values of wmp obtained from bands D
.t and E can be described by a second straight line of slope 0.2525.

-:21% The intercept of the lower energy straight line in Figure 13 indicates a
;&;i photodissociation threshold of 2.083 eV, which is consistent with the value
K..‘ obtained from the spectra in Figure 12, The difference in the intercepts of
.E:E: the two lines is approximately 378 cm-l. Qualitatively, one expects the

'f::: occurence of a second, lower kinetic energy distrubution in bands D and E to
:isi; indicate the production of the CH3+ fragment with one additionallquanCum of

; vibrational energy, and this quantum of energy should be 378 cm ~. However,

::E: the smallest fundamental frequency calculat:ed36 for CH3+ is 1080 cm-l. The
ﬁ::: actual vibrational frequencies in CH3+ may indeed be smaller than the

'i;je theoretical values. Dyke et al.32 have assigned a feature in the photo-
(:'”( electron spectrum of the methyl radical to the Vo fundamental of the fon with
S a value of 700 cm 1. However, it should also be remembered that the

';S;; photodissociation threshold is between 19 and 139 meV (or 153 - 1121 cm-l)
Q;:E above the range of possible values for dissociation of the izEl/z inteo ground
f\T\ state products; thus, a significant barrier exists in the dissnciation

o channel. The energy required to surmount this barrier must appear in the
QS}E various degrees of freedom of the products. Figure 13 shows clearly that this
:E: energy 1is not in product translation at thrashold, and internal excitation of
3V the I fragment requires substantially more energy than is available. Orbital

angular momentum of the separating fragments will certainly account for some
of the energy, but this cannot play a major role at the immediate threshold.
Consequently, ;e can expect most of the excess energy at threshold tc be
absorbed by rotational and vibrational excitation of the CH3+ fragment.

»;'tf Vibrational excitation of the CH3+ is not surprising when one considers that
':tig this radical has a pyramidal structure in CH3I+, whereas the ground state free
-;;;j radical is believed to be planar. If the lower of the two possible values for
:éig: the izEl/z dissociation energy is correct, then the CH3+ fragment could be
@ produced with one quantum of vibrational excitation. The 378 cm"1 difference
N

o )
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in photodissociation thresholds could then represent a difference frequency in

the CH3+ fragment, rather than a fundamental frequency.

3. Photodissociation of CH3I+ at High Resolution

We have also studied the photodissociation of CH3I+ at very high resolu-
tion (0.003 cm-l). Figure 14 shows a l.4 cm_l-wide segment of band A obtained
with a single mode dye laser having a linewidth of 0.0004 cn™! (15 MHz). An
enormous number of absorption lines appear in this small segment of the spec-
trum and similar line densities are observed in other bands. It is
immediately clear that the 0.1 cm-1 laser bandwidth being used by Morrison28
to investigate the rotational structure of CH3I+ will yield only absorption
features representing the superposition of a number of rotational lines rather
than the rotational lines themselves. Each of the absorption lines in
Figure 14 is found to have a linewidth of ~ 80 MHz. Most, if not all, of this
linewidth can be attributed to the residual Doppler width assoclated with the
kinetic energy and angular spreads in the CH3I+ beam and with the laser
linewidth., Consequently, the lifetime of the absorbing levels in the A state
must be > 2 ns. Dissociation of the A state levels is believed to be a
two-step process: internal conversion to the X state is required for the ions
to dissociate. The lower limit of > 2 ns is on the time required for the
internal conversion; dissociation of the X state could occur at a
substantially faster or slower rate. Yet, we also know that the CH3I+ ions
both absorb a photon and dissociate within the laser interaction region. No
evidence was found for dissociation of the ions in the region between Q2 and
the energy analyzer after a photon was absorbed in the region between Ql and
Q2 (see Fig. 1). This places an upper limit on the predissociation lifetime
of < 1 pus, the magnitude of which 1s the minimum time required for photo-
excited CH3I+ to traverse Q2. These very long lifetimes imply that the
internal energy of the CH3I+ ion is not statistically randomized in the slow
internal conversion process and that the slow internal conversion is followed

by a very rapid predissociation of the RZEI/Z state,

We have measured the photofragment kinetic energy spectra of a large
number of the individual rotational lines appearing in the high resolution
absorption spectra. Rather than finding the distribution of kinetic energy

releases that accompanied photoexcitation of the CH3I+ ions with a 0.5 cm-1
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FIGURE 14 PHOTON ENERGY DEPENDENCE FOR THE PRODUCTION OF CH, I* PHOTOFRAGMENTS
FROM THE PHOTOCISSOCIATION OF CH, [* WITH A LASER RESOLUTION OF 0.00067 cm™
(20 MH2)

The spectrum was obtained in Band A of Figure 12. Observed linewidths of 80 MHz place an upper
limit on the predissociation lifetime of > 2 ns. Lines iabeled a, J, and v produce discrete photo-
fragment kinetic energy releases (W) given in the figure.
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bandwidth laser, we found that the individual lines yleld discrete releases of
translational energy in the center of mass frame. In fact, the magnitude of
the energy releases appears to be quantized. For example, the seven lines in
the region of 16835.1 cm—l, labelled a, B, and y in Figure 14, produce only
three different releases of kinetic energy: W, = 2.7 % 0.1 meV, WB = 3.4 ¢
0.2 meV, and WY = 5,2 + 0.2 meV, Similar values extending as low as 2.0 meV
at the bandhead are found for the prominent lines in other regions of band

A. These energies are very close to the expected spacing of rotational levels

36 rotational constants for this

in the CH3+ fragment. Using the calculated
ion, the (J,K) = (1,0) - (0,0) spacing is predicted to be 2.6 meV, (2,0) -

(1,0) is 5.3 mev, (1,1) - (0,0) is 2.0 meV, and (2,2) - (1,1) is 3.4 meV.

4, Conclusions

The observed production of a discrete CH3+ internal energy state from a
discrete excited state of the parent CH3I+ molecule shows the possible dangers
of applying a statistical description to unimolecular dissociation or
bimolecular reaction dynamics in a collision-free environment without a very
detailed knowledge of the intermolecular energy transfer rates in the
molecule. In the present case of CH3I+, the observed energy width of
individual A state levels is so small that no significant overlap with other
levels in the molecule can occur. In the absence of a thermal collision bath,
this appears to prevent significant randomization of excess energy either
within the parent ion or in the population of fragment molecule quantum
states. However, when a sufficient number of initial states are
simultaneously probed by a wide bandwidth laser, kinetic energy release
distributions are obtained that appear to be consistent with the molecule
dissociating statistically. In fact, we are only relying on a sufficient
number of absorption lines to fall within the laser bandwidth to produce a
pseudo-statistical distribution of excited levels in the molecule, and these
energies then individually dissociate to produce a quasi-continuous
distribution of fragment kinetic energies. This process has nothing to do
with energy randomization in the molecule, but relies only on a fortuitous

distribution of rotational lines in the absorption band.

Statistical theory has traditionally been applied to describe

unimolecular dissociation processes {n molecular ions. This theory has been
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used extensively because it requires very little knowledge of the potential
energy surfaces of the molecule, in contrast to the concept of nonadiabatic
ptocesses37 controlling the unimolecular dissociation. Statistical theory,

generally termed RRKM or quasi-equilibrium theory (QET), relies on the energy
deposited in the reacting molecule to be uniformly distributed over its phase
Thus, RRKM-QET predicts that the distribution

of products from an unimolecular reaction will be independent of how a given

space prior to dissociation.38

energy content 1s produced within the reacting molecule. It is recognized38
that if the rate of reaction exceeds the rate of randomization for the energy
deposited in a given mode of the molecule, deviations will be observed in the
distribution of dissociation lifetimes from that predicted by statistical
theory. It is far more common for this diagnosis to be made on the basis of
the translational energy distribution observed for the dissociation pro-

30,39

ducts. However, we find that excitation bandwidth can yield a

40 has shown that

pseudo-continuous spectrum of kinetic energy release. Hase
excited molecules with non-RRKM-QET lifetime distributions can dissociate to
products with apparent RRKM-QET translational energy distributions. It is
generally believed that very rapid dissociations, occurring on time-scales

<1 ps,38

are required to prevent statistical redistribution of the excitation
energy. However, we find that this process does not occur in CH3I+ where the

dissociation rate is 1000 times slower.

It thus appears that the basic assumptions of statistical theory will be
satisfied only in those molecular fons that dissociate within a time window of
approximately 1 ns < T4454 < 1 P8. Moreover, it appears that the kinetic
energy distribution observed for the dissociation products does not provide a
reliable diagnostic for the application of statistical theory to a specific
molecule. Direct measurement of the dissociation lifetime is clearly
preferred, but has thus far been attempted for very few species.

Nevertheless, it is clear that CH3I+ is not an isolated example of a
polyatomic ion with a long dissociation lifetime. Goss et al.z8 have
investigated the photodissociation of larger alkyl iodide cations and find
evidence of rotational structure {n the spectrum of n-C3H7I+, although their 3
cm-l bandwidth is much too large to determine whether individual rotational
levels participate in the dissociation. Substantial high resolution work
remains to be done in this area.
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P
A Photofragment spectroscopy of N,2+
P
e P. C. Cosby, R. Méller,* and H. Helm
NN Molecular Physics Laboratory, SRI International, Menlo Park, California 94025
@ (Received 21 March 1983)
,:-.‘:- N,?* ions, produced by electron impact of N, are observed to predissociate into N*+N* when
:':z‘:': irradiated by a dye laser at photon energies between 14900 and 19500 cm~'. Five structured bands
o in the spectrum are associated with absorptions from X 'E} (v=0,1,2) into three predissociated lev-
:'_'."‘ els of the 1'TT, state. The two highest levels of the 1'II, are believed to dissociate by tunneling

}-' through the Coulombic barrier in its potential-energy curve, whereas the lowest level is predissociat-

ed by the 1'X] state. Kinetic-energy analysis of the N* photofragments establishes the energy of

o X'3} (v=0) at 4.830.2 eV above the N* + N* dissociation asymptote and yields an adiabatic ap-

N pearance potential of 43.630.2 eV. Molecular constants for the X 'Z} and 1'Il, states are deter-
N mined.

o I. INTRODUCTION fragment ions produced in the interaction region are

separated from the primary ion beam by a second quadru-

e Electronic states of doubly charged diatomic molecules

dissociating to the single-charged atoms are mainly
characterized by Coulomb repulsion of the atomic ions.
However, at small internuclear distances, the chemical
forces can lead to a local minimum in the potential-energy
curve behind the Coulombic barrier. Although the poten-
tial curves in general lie entirely above the dissociation
limit, there may exist quasibound states with nearly infi-
nite lifetime if the potential barrier has a sufficient height
and width. Experimental evidence for such long-lived
metastable states has been found in electron-impact,'—'¢
ion-bombardment,'' and Auger electron'?~'* experiments,
which provide the approximate position of the electronic
states. The lower electronic states of such common
species as No°*, O,2%, and NO?* are expected to have
sufficiently long lifetimes's to permit detailed study of
their molecular properties by optical spectroscopy. But so
far there has been only one observation of discrete vibra-
tional and rotational levels in any doubly charged mole-
cule: Carroll'® observed a single vibrational band in the
vuv emission spectrum of a N,-He discharge and assigned
it to the D ' —X '} transition in N;**.

We report here the first application of photofragment
spectroscopy to a doubly charged diatomic molecule.
Discrete structure appears in the wavelength dependence
of the photofragment spectrum of N,2* which allows the
determination of the rotational and vibrational constants
of two electronic states of this ion. In addition, the ob-
served kinetic energies of the photofragments establish the

pole field (Q2) and then either detected on an open elec-
tron multiplier (M 1) or passed through a hemispherical
clectrostatic energy analyzer and detected by a second
multiplier (M 2).

Dissociation of a homonuclear diatomic ion which
releases a kinetic energy W in its center-of-mass frame
leads to a maximum (or minimum) translational energy of
the fragments in the laboratory frame of

Trmaxmin=Eo/2+W/2+(EgW)1/2 | (n

where E, is the kinetic energy of the N,?* beam. If no ki-
netic energy were released in the dissociation (W =0),
then the fragment ions N* would appear at one-half the
energy and at the same laboratory velocity as the N;**
ions. Since the deflection in Q2 (or in the energy
analyzer) depends on the ratio T/Z =muv*/2Z, where Z is
the charge number, both N,** primary ions and N* frag-
ment ions would follow the same flight paths and be indis-
tinguishable. Fortunately, the metastable nature of the

2** molecule assures that the photodissociation process
Na»* +hv—N* +N*+ W leads t0 an energy release W
of several eV in the center-of-mass system of the dissociat-
ing molecule. This high value of W produces a consider-
able difference between T/Z of the photofragments N*
and the primary N,* ions, which permits their separation
using only electrostatic fields. The kinetic energy of the
photofragments also leads to high transverse-velocity com-

absolute energy of these levels with respect to the
N* +N* dissociation limit.

ponents of the fragment ions due to iheir angular distribu-
tion. This decreases the efficiency of a detector collecting
only fragments which dissociate into a cone of center-of-
mass solid angle ¢ ~sin~'[a(E/W)'/?], where a is the ac- |
ceptance angle of the detector. Therefore, the open muliti- !
plier with its relatively large a of about 20 mrad, corre-
sponding to ¢=130°, has mainly been used. Only when
determining the kinetic energy of the fragments was the
energy analyzer with a=2 mrad or ¢ =2 applied.

Transitions which lead to the dissociation of N,** into
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II. EXPERIMENTAL

o
l‘l

The laser-ion coaxial beams photofragment spectrome-
ter used in the experiment has been described in detail pre-
I viously.'” The '*!*N,2* ions are produced by electron-
impact ionization { ~ 100 eV) of N, gas, accelerated to typ-
ically 5000 eV, mass selected, and collimated. The ion

gt |

‘ beam is then merged coaxially using an electrostatic quad- N* + N* were observed at a resolution of ~2 cm ™' in the
"‘.’ rupole (Q 1) with a laser beam over a length of 60 cm, cor-  spectral range of 14900—19 500 cm ™! using a multimode
- responding to an interaction time of typically 3 us. The cw dye laser. As the interaction with the ion beam lies in
AP
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FIG. 1. Photon-energy dependence for the production of N+
photofragments from N,**. Spectrum was taken within the
dye-laser cavity at an approximate resolution of 1.5 cm~'. Both
Doppler components, separated by 18.9—-24.7 cm ™!, appear in
the spectrum for each transition. Origins of the a bands are in-
dicated by arrows. Range over which rotational lines are ob-
served is shown for the 8 and y bands.

the cavity of the laser, every line appears twice in the spec-
tra due to the opposite Doppler shifts for the parallel and
the antiparallel traveling electromagnetic waves. Nine
lines were also measured at high resolution (0.003 cm~—"
by an experimental arrangement where the ion beam in-
teracts extracavity with the beam of a single-mode Ar*
laser. By varying the kinetic energy of the N,2* beam in
the interaction region, the Doppler-shifted frequency of
the laser could be scanned continuously over two regions
of ~6 cm ™! with the laser copropagating or counterpro-
pagating with respect to the ion-beam velocity.

TABLE I. Lines measured at high resolution in the a; band.

Observed Calculated
Branch J” (em='y (em~"®
Q 6 19413.237 19413.289
P 4 19416.720 19416.767
R 8 19417.342 19417.381
Q 5 19 420.626 19 420.601
R 0 19441.305 19441.346
R 3 19441.468 19441.524
R 1 19.442.584 19441.621
R 2 19442.641 19442.681
R 4 19439.063 19 439.147
*Uncertainty is $0.03 cm ™"
®Calculated using the merged constants in Table II.
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FIG. 2. High-resolution spectrum of a portion of the a. band.
Laser was operated single mode at 19429.79 ¢cm~' while the
N,’* ion-beam energy was varied from 6120 to 4920 eV to ob-
tain this spectrum. Assigned transitions in the a; band are la-
beled.

III. OBSERVED SPECTRA

The photofragment spectrum displayed in Fig. 1 shows
the photon-energy dependence in the range of
14900—19 500 cm~! for the production of N* fragment
ions from N,** with center-of-mass kinetic energies be-
tween 3—10 eV. Three red-shaded bands labeled a;, a.,
and aj, each containing complete P, Q, and R branches
could be identified. Partially overlapping with the a, and
a; bands were two bands labeled B, and f3; which consist-
ed only of Q branches similar to those contained in the a
bands. In addition, two irregular patterns of discrete lines
having very similar structures were found near 17 200 and
19200 cm ™', These are labeled y, and ¥,, respectively.
The photodissociation continuum which extends over the
entire observed range and the structured band at the red
end of the spectrum in Fig. 1 have not yet been identified.

A region of approximately 10 cm~' near the head of
the ay band was investigated at high resolution using the
5145-A line of a single-mode Ar™ laser. Figure 2 shows a
1.1-cm~! portion of the spectrum which was obtained by
scanning the energy of the N>+ beam from 6120 to 4920
eV with the laser beam copropagating with the ion beam.
Two of the observed transitions appear in this segment of
the spectrum. A total of nine lines belonging to this band
were identified, each having a linewidth of 1.0+0.2 GHz.
The measured positions of these lines are listed in Table I.

Kinetic-energy spectra were obtained for three N,**
dissociation processes: Photon-independent spontaneous
dissociation of N:“’ into N* was observed to occur with a
release of W =6.8+-0.3 eV. This process was monitored
following a flight time of order 13 us after formation of
the N,* ions in the source and had an intensity of ap-
proximately 109 that of the photon-induced continuum
background in Fig. 1. Kinetic-energy releases {rom the
continuum process were found to vary from 8.1 eV at
6490 A 10 8.6 eV at 5421 A. Subtracting the energy of the
photon from W locates the absorbing N,'* levels at
6.26+0.4 eV above the N* <+ N* dissociation limit. Fi-
nally, the kinetic-energy release found for the a, band was
7.3%0.2 eV, thus placing the absorbing level 5.06+0.2 eV
above the N* + N™ dissociation limt.
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TABLE Il. Molecular constants of N,**.

Level’ ™ B D 110~Y g 110™% Bands
1'n, v’ 21405.7(1.4)° 1.24337014) 3.38(5) 1.30(5) a, and ay
v —1 20436.3(2.6) 1.287 5107} ~ 36 a;
v'-2 19382.6(1.5) 1.3293(53) 0.213) B, and B,
(v'=3) (18192) yi and 1,
X'z 2 3882.2(1.4) 1.805(5) ~L612.2) a,
1 1965.6(6) 1.851 33(12) 131016} ay, ai B and 7,
0 0 1.88001(6) 0.68(4) (D—X), B, and vy:

*All units are cm ~ .
®1-s.d. uncertainty in the final digits of the quoted value.

IV. ROTATIONAL ANALYSIS

The low-lying electronic states expected for N,** are X,
1, and A in the multiplicities singlet, triplet, and quin-
tet.'® For the a bands, single P, Q, and R branches could
be identified. In addition, no indication for fine-structure
splitting could be found even at high resolution. Hence,
we conclude that these bands arise from a singlet-singlet
transition. The relative intensities of the branches in these
bands further indicate that the transition must be
AA=*1. An additional aid to the identification of the
bands is obtained from the intensity alternation of the ro-
tational lines within each branch. Lines originating in
even- and odd-J" values appear in the spectra with an in-
tensity ratio of 2:1. This alternation arises from the nu-
clear spin (f =1) of "N and is expected to be observed
only in 2Il, 2«2, and [1—2Z systems, where only one
A component is pumped for a specific P, Q, or R transi-
tion. Since Z+—Z is escluded due to the observed presence
of the strong Q branches in the bands, we conclude that
the a bands are due to either a 2I1 or a [I+-X transi-
tion. Furthermore, the fact that the P, Q, and R lines are
strong for even J' restricts the choice to 'ng.-‘z; or
'M,+'Z,, because only in these two cases will the P, Q,
and R lines originate in the same weak or strong level of
the X state. As will be discussed later, we assign the ob-
served transitions to a 'IT,—'Z;" system.

A. a bands

Approximately 35 rotational lines were unambiguously
assigned in each of the three a bands. A direct nonlinear
least-squares fit of these lines to the ', and 'S; Hamil-
tomans'’ yielded the molecular constants listed in Table
II. Only in the a, band, where high-resolution measure-
ments were made, was the A-doubling coefficient of the
‘I, state statistically significant and included in the fit.
As can be seen from this table, the a; and a» bands vield-
ed the same upper-state rotational constants, whereas the
a, and . bands yielded the same lower-state rotational
constants. We therefore conclude that the a, and a;
bands terminate in the same upper-state vibrational level
(v'). Hence, the a,, a,, and a; transitions can be labeled
(" + 1), 0" =1v"), and (¢',v""), respectively.

Carroll'® has observed a 'I; —'Z} emission band of
N.** which is believed to terminate in the lowest vibra-
tional level of the X '2;" ground state. The rotational con-
stant for this level obtained from this band is B,=1.3800.

In a state described by a Morse potential, the variation in
the rotational constant with vibrational level is given'® by
the equation

B,=B,—a,v+71) . (2)

Hence, the difference in B, between any two adjacent vi-
brational levels is a,. From the two lower-state rotational
constants obtained from the a bands B,- and B,- ., one
expects a, ~0.0463 £0.005. Thus, the rotational constant
for the next lower vibrational level in the absorbing elec-
tronic  state should be  approximately B,._,
=1.85133+0.0463 or 1.898+0.005. This value compares
very favorably with Carroll's value for 84 in the X ’2;
state, suggesting that the a bands arise from v =1 and 2 of
this same state. As a check of this assignment, we can
also compare the iower-state vibrational frequencies.
From the relationship between the rotational constant B,
and its centrifugal distortion correction D, in an harmonic
oscillator, Carroll estimated the equilibrium vibrational
frequency of the X state to be w, ~ 1960 cm~'. Using this
value together with our cbserved value of a, and Carroll's
value of By, the anharmonicity of the X state is estimated
from the Pekeris relation'® to be w,x, ~51 cm~'. Hence
the estimated vibrational spacing of v =1 and 2 in the X
state would be of order 1756 cm~'. This, too, is con-
sistent with the observed spacing of 1916.6 cm~'. We can
therefore be reasonably confident that the assignment of
X '2; (v=1,2) to the two observed lower-state levels is
correct.

The transitions assigned to the a bands are shown
schematically as a function of energy by the solid vertical
lines in Fig. 3. Since the v =0 level of the X state is likely
also populated in the ion beam. one would expect absorp-
tions from it into the two completely predissociated
upper-state levels. However. these transitions. would
oceur at photon energies higher than 20000 cm ™', outside
the energy range covered in rhe photofragment spectra.
Finally, one would also expect the transition v’ —1,20
shown as the dotted vertical line in Fig. 2, to occur with
its onigin at 16554.1 cm ™' Indeed. weak étructure does
appear in this region superimposed on the continuum
background, but is much too indistinct to attempt a rota-
tional assignment.

B. B bands

The B, and (. bands appear as additional structure
within the rotational manifolds of the a, and a: bands.




28 PHOTOFRAGMENT SPECTROSCOPY OF N,*~

v
vo-1 O—
n, ¢
R e __,._r._?_o_______
¢ 4
(v =~ 3)see ....¢: ..... L""iL""?“.T“T ......
P :
N
. . ]
: o
S O I
N O I
ay E l ' S : :
-
: Do
az Pk g RAT
: ! : i |
ST S
N I
A I B R
I I I
N I
2 L L
v = o—-~—l—o- —
| P
1 { i
. o I ! ( !
X'y vs >~ e—:
| .
v=0 & —é

FIG. 3. Schematic of the levels involved in the a, 8, and y
bands. Dotted vertical lines represent unobserved transitions.
Assignment of the upper state of the y bands is not supported by
a rotational analysis; hence the existance of a v'—3 level in the
'I1, state is speculative.
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FIG. 4. A portion of the photofragment spectrum from Fig. |
shown on an expanded photon-energy scale. Upper curve is the
expenimental spectrum. Center and bottom curves are synthetic
spectra of the 3, and a, bands, respectively, generated from the
constants in Table II assuming a rotational tamperature of 400
K and a laser resolution of 1.5 cm™".

The upper portion of Fig. 4 shows the photofragment
spectrum observed within the spectral range of
19027—19491 cm~". In the lower portion of this figure
is a synthetic spectrum of the a; band. As can be seen by
comparing the synthetic and observed spectra, significant
additional structure appears among the higher rotational
transitions of the a; band. Similar additional structure is
found within the a;, band. These additional lines are
named the 8, and B; bands. They are each found to con-
sist only of a single Q branch. Consequently only the
band origins and the difference between the upper- and
lower-state origins can be uniquely determined from the
line positions. For the B, band, the band origin v, was
found to be 19360 cm~! and AB =0.615-0.010 em ™',
whereas for f;, vo=17405 cm ™' and AB =0.631-0.019
cm~!. A simulation of the 3, band is shown in the center
of Fig. 4.

The intensities within the Q branches of the 8 bands are
very similar at higher J to those of the a bands. However,
the intensity at J” < 10 is substantially less than would be
expected and very low-J transitions may indeed not be
present at all. Moreover, there is no evidence of the corre-
sponding P and R branches in the spectra. The absence of
these branches implies that only the f components of the
'IT state are predissociated, in contrast to the upper-state
vibrational levels accessed in the a bands, where both e
and f components of all rotational levels are predissociat-
ed. As discussed later, the upper-state vibrational levels of
the a bands are likely to predissociate by tunneiing
through the Coulombic barrier in the 'I1 potential weli.
Predissociation of oniy the f/ components in the 3 bands
suggests that the upper-state levels must lie deeper in the
'IT potential well such that the barrier width prevents effi-
cient tunneling, thus requining it to be predissociated by
the continuum of another state. Since assignment of the a
bands fixes the relative energies of the higher, completely
predissociated vibrational levels and the bottom of the
X 'T; potential well, the observed band origins of the 5,
and 3, bands require that they originate from v =1 and O,
respectively, of the X state and termnate in a single, par-
tially predissociated level v'—2 of the '[1 state. These
transitions are shown schematicaiiv by the long-dashed
lines in Fig. 3. Fixing the values of the lower-state rota-
tional cons:ants to those listed in Table 11, a least-squares
fit of the B, and 3. bands to the 'Il and 'E Hamiltonans
yielded the molecular constants and energy separation of
the v’ =0 and 1 levels of the ‘2; state. These are also
shown in Table IL

C. y bands

Finally, two groups of lines labeled y; and i, appear in
the photofragment spectrum near 17200 and 19200 cm ~ .
Their line positions are listed in Table lII. The spacing of
the lines within each group is irregular; they apparently do
not represent transitions into contiguous rotational levels.
However, the spacings within each group are quite similar,
with the separation of the corresponding lines varying
from 1947.3 to 1956.2 cm™'. This separation 1s quite

close to the spacing of v =1 and 0 of the Y 'S state. sug-
gesting that y, and y- orginate from these levels and ter-
minate in a fourth predissociated level ' =3 of the ‘II,
state, as shown by the short-dashed lines in Fig. 3.

The
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TABLE III. Observed lines in the y bands.

v em='p y: em™'p Difference (cm ')
15992.0 17940.2 1948.2
16074.5 18021.8 1947.3
16150.9 18 101.5 1950.6
16162.3 18118.0 1955.7
16222.3 18178.5 1956.2

*Uncertainty in the line positions is £2 cm ™',

expected energy of this level, extrapolated from the spac-
ings of the higher vibrational levels in this state, is 18 192
cm~"'. Thus, the transitions lie in the correct general loca-
tion for a red-shaded band. We have not yet been able,
however, to assign the lines to specific rotational transi-
tions, possibly due to level shifts or extra lines produced
by the predissociating state. Consequently, we consider
our attribution of ¥, and ¥, to the (¢'—3,1) and (v'—3,0)
bands in the 'TT,«'Z; system to be only speculative.

V. VIBRATIONAL ANALYSIS

Rotational analysis of the a and B bands strongly sug-
gests that they arise from the three lowest vibrational lev
els of the X '3} state. The spacing of the band origins
yields the wvibrational constants for this state:
w,=2014.6+1.7 cm~! and w,x, =24.5+0.8 cm~'. Simi-
larly, B, and r, can be estimated from the constants for
these three levels as 1.89920.004 cm~' and 1.12620.001
A, respectively.

An upper limit for the energy of the lowest electronic
state of N3%* relative 10 the N* +N* dissociation limit is
given by the relation (in eV)

Ug=Vap(Ns**)=Dy(N;) =2V p(N)

=4.2+0.4 , (3)
T
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FIG. 5. Potenual-energy curves of N, . Lower «olid curve is
the RKR potenual of the X 'I; state deriveu in this work.
Upper solid and short-dashed curves are the RKR potentals of
the 1'T1, state obtained assuming the vibrational numbering of
the observed levels was 1,2.3 and 6,73, respecinely. Long-
dashed curves are the theoretical curves for these states from
Ref. 24. Dotted curve 1s the theoretical 1'S; curve tor C- given
by Ref. 27 transformed to N.** using the method of Ref. 15.

where V,p(N,>*) is the appearance potential of N.>*
from N, determined by Auger spectroscopy'® (43.0=0.4
V), Do(N,) is the dissociation energy of N1(9.7594 eV),2°
and Vp(N) is the ionization potential of the nitrogen
atom?' (14.5342 eV). The energy of X 'E; (v =0) can be
independently determined from the present measurements.
Photodissociation in the a, band produced photofrag-
ments with center-of-mass kinetic energies of 7.3+0.2 eV.
Since, from Table II, the predissociated level lies 2.5338
eV above X 'Z} (v =0), the energy of X '3, (v =0) rela-
tive to the N* +N™ limit must be the difference between
these two energies, or Uy=4.8+0.2 eV. Inversion of Eq.
(3) using this value of U, yields the appearance potential
for Ni2* X 12} (v =0) to be 43.6=0.2 eV.

Agreement between these two values for U, is only
marginally good, they fall together just within the range of
each set of error limits. This may suggest that the Jowest
energy state appearing in the Auger spectrum tor formed
by electron impact}) is not the X '2;’ state, but another
state which lies 0.0 to 1.2 eV lower in energy. Indeed, the
self-consistent-field (SCF) calculations of Cobb er al.**
show the *Z; state to lie 0.6 eV below the 'E;. Unfor-
tunately, the errors associated with the observations are
too large to provide definitive information on the actual
location of the N.2* triplet states. Nevertheiess, we retain
the currently accepted® label X, for the lowest singlet state
of N22+ 12;

Using our value for U, together with the vibrational
and rotational constants, the Rydberg-Klein-Rees ‘RKR)
potential curve for the 'Z; state was constructed™ and is
shown by the lower solid curve in Fig. 5. The energies of
the three observed vibrational levels of the 'T1, state rela-
tive to X 'Z;) (v =0) are listed in Table II. The second
difference of these energies vields an anharmonicity for
these levels of w,x,=40.8=1.9 cm~'. The vibrational
numbering of the levels cannot be established from these
data alone; hence w, and the potential curve cannot be
directly determined.

VL. IDENTIFICATION OF THE ELECTRONIC
STATES

Assignment of the observed absorption bands 10 specific
states of N,°* requires the use of theoretical calculations
of this structure of the ion. Experimentally, we know that
the transitions in the a bands must be either ‘n,Q—‘E; or
'Mg«—'Z7. We further know that the absorbing levels of
the 'S lower state lie 4.8-0.2 eV above the N* +N* dis-
sociatior: limit.

There have been two detailed ab initio calculations of
the lower electronic states of N.°*. The configuration-
interaction caiculations of Thulstrup and Andersen* (TA'
encompassed all of the bound singlet states lying within 10
eV of the ground state and the six lowest hound tripiet
states. They predict the ground state to be the ‘X;” and
that no bound 'Z] states lie within this energy range.
Therr caiculations extend only to about 6a.; hence, the cn-
ergy of these states relative to the dissociation limit 1s not
given directly. However, at these large mternuclear dis-
tances, the force between the two N ions is almost purely
Coulombic.  Hence. using the expression for Coulomb
repuision  between two point charges Frri=114.40
eVi/rAy we can normalize their curves to an absolute en-
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ergy scale at a single large internuclear distance. These
normalized curves for the 'Z; and ', states are shown
by the lower and upper dashed curves, respectively, in Fig.
5.

We can also compare with the unrestricted SCF calcula-
tions of Cobb, Moran, Borkman, and Childs (CMBC).?
They too predict the 'Z; state to be the lowest singlet
state, but find this state to lie 3.0 eV above the N* +N*
dissocation limit with an equilibrium internuclear separa-
tion of 1.259 A and vibrational constants w, = 1674 cm ™!,
@exe=20.1 cm™'. Finally, comparison can be made with
the semiempirical calculations of Hurley and Maslen
(HM)." Their technique uses an integral form of the
quantum-mechanical virial theorem to deduce potential
curves of doubly charged ions from those of the isoelec-
tronic neutral molecule, in this case, C,. Using the most
recent constants for this molecule,’® we find that the
minimum of the 'Z; curve predicted by HM lies 3.8 eV
above the N* + N* limit with an equilibrium internuclear
distance of 1.017 A and the vibrational constants
w,=1787 cm~!, w,x, =355 cm~! for the lowest vibra-
tional levels.

Thus both the CMBC and HM calculations predict the
'2,* state to lie lower in energy with somewhat wider po-
tential wells than is experimentally observed. On the other
hand, agreement between the TA potential curve and the
experimental '2; curve is remarkably good. The two
curves have nearly the same energies and potential-well
shapes, although the theoretical curve lies at slightly larger
internuclear distances.

Agreement between the theoretical potential curves for
the 'Tl, state and the observed upper-state levels is less
favorable. The TA 'll, curve is shown as the upper long-
dashed curve in Fig. 5. Numerical solution of the
Schrodinger equation using the program of LeRoy** yield-
ed four vibrational levels for this potential curve with the
highest level lying 7.94 eV above the N* +N* dissocia-
tion limit. The three highest levels were found to predis-
sociate efficiently by tunneling through the Coulombic
barrier with lifetimes ranging from 107 to 10~'*s. The
calculated spacing of the levels was AGqgs=1347,
AG, s=1190, and AG, s=920 cm~!, giving an apparent
anharmonicity constant for the highest levels of
w,x, =135 cm~'. If we assume the observed levels corre-
spond to v =1,2,3, an RKR potential curve for the ',
state can be generated and is shown as the upper solid
curve in Fig. S.

The 'M, curve predicted by the HM calculation is sub-
stantially deeper than the TA curve with an R, =1.095 A.
Numericai solution of the Schrodinger equation for this
curve vields ten vibrational levels with the highest level
6.20 eV above N* +-N*. Only the two highest leveis are
found to predissociate efficiently with lifetimes of
re=1.5x10"7 and 7,=2.1x10""" 5. The calculated
spacings of the levels is AG,s=823 cm™' and
AGq =709 cm™', yielding an apparent anharmonicity of
wex, =57 cm~'. The CMBC 'll, curve is deeper yet,
with its minimum only 3.5 eV above the dissociation
asymptote and an r,=1.1906 A. The calculated curve
does not extend over sufficient range of internuclear dis-
tance to calculate the maximum number of vibrational
levels supported in the weil or their predissociation life-
times. The well depth implies, however, that the number
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of levels is substantially greater than ten.

For comparison, we have calculated the RKR potential
well for the 'I1, state assuming that the vibrational quan-
tum numbers of the observed levels is v =6,7,8. This is
shown as the short-dashed curve in Fig. 5. As can be seen
from the figure, the predicted potential well changes
dramatically with the choice of vibrational numbering.
Unfortunately, there is yet no clear choice of which vibra-
tional numbering scheme to select for the '[1,. The ener-
gies, level spacings, and rotational constants of the ob-
served levels agree best with those of the TA potential
curve, suggesting the solid RKR curve is the better repre-
sentation of this state. However, the 'I1, — 'I; Franck-
Condon factors obtained using this curve would predict
the a bands to have nearly equal intensities, whereas they
actually differ by more than an order of magnitude. This
is more consistent with what is predicted from the dashed
RKR curve. Consequently, we cannot determine the vi-
brational numbering of the observed levels lacking addi-
tional observations on an isotopic molecule. We can, how-
ever, conclude that our identification of the upper state as
the 'T1, is fully consistent with theoretical predictions.

VII. PREDISSOCIATION MECHANISM

We know from the difference in the number of branches
appearing in the a and § bands that the 'M, state is
predissociated by at least two mechanisms. Numerical
calculations for the theoretical potential curves for this
state show that the two or three highest vibrational levels
in this state can predissociate efficiently by tunneling
through the Coulombic barrier. This mechanism most
likely produces the photodissociation arising from the a
bands, which access the two highest of the three observed
vibrational levels and results in predissociation of all rota-
tional levels. The linewidths measured for transitions into
the lower rotational levels of the highest vibrational level
set a lower limit on the lifetimes of this level of greater
than 1.6x10~'%s. This compares favorably with the ex-
pected lifetimes of the highest level in the 'IT, state
predicted by the HM calculation of 2.1x10~!'' 5. The
calculated lifetime of v =3 in the TA potential curve is
only 1.0% 10~ '3 5; transitions into such a level would have
linewidths of 52 cm ™', hence they would appear only as a
continuum in the photofragment spectrum. The next
lower vibrational level v =2, however, has a calculated
ilifetime of 2.9 10~!% s, which is more consistent with the
experimental limit.

The v =0 level in the TA potential and the v =7 level in
the HM potential, have lifetimes much too long
(1.3% 107 and 54107 s, respectively) to dissociate by
tunneling. Hence, another mechanism must be responsible
for predissociation of this level. Indeed, only Q-branch
transitions are observed in the B bands, which access this
level. These transitions populate only the f components in
the '[1, state, whereas the unobserved P- and R-branch
transitions would populate the ¢ component. Thus, a
mechanism which selectively predissociates only the /f
components must be found. Of the 18 electronic states
arising from the N* *P + N* ’P asymptote, only rotational
coupling to the . state could selectively predissociate™®
the f compcnents of the ‘I1,. The potential curve for this
state has not been calculated for N,**, nor has it been ex-
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perimentally observed in C,. However, using the theoreti-
cal C, curve from Fougere and Nesbet,?” the curve can be
transformed using the method of Hurley and Maslen'’ and
is shown as the dotted curve in Fig. 5. It can be seen that
the continuum of this state passes directly through the ob-
served level, hence efficient coupling between the 'IT, and
137 states should be feasible. Further, since the magni-
tude of the coupling scales with rotation of the molecule,
this could account for the apparent lack of low-J transi-
tions in the B bands.

Finally, we must consider the y bands which consist of
only a few isolated rotational levels. If these bands ac-
cessed the (v'—3) level of the I, state, predissociation
might resuit from perturbations of this level by other
bound states, which are themselves predissociated. In that
case, only those levels would appear in the spectra which
accidentally have energies similar to the corresponding ro-
tational levels of the perturbing state. Assignment of
these bands to the 'Il, state is only speculative, since we
would expect the 'S to also predissociate this level unless
its vibrational overlap were accidentally very small.

VIII. SUMMARY

Photodissociation of N,2* yields a series of structured
bands in the photon-energy dependence for the production
of N* fragments. Rotational analysis of five of the bands,
and comparison with both electronic structure calculations
and lines previously observed in the emission spectrum of
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this ion, establish the absorptions as occurnng from
X'Z: (v=0,1,2) into three predissociated levels of the
1'IT, state. The two highest levels of this state are be-
lieved to predissociate by tunneling through the Coulom-
bic barrier in its potential energy curve. In contrast, the
lowest of the three levels is found to be predissociated by
the 1'3; state. Molecular constants are determined for
both the X 'Z; and 1'[l, states and the potential-energy
curve of the X state is constructed. The lack of vibration-
al identification of the 'TI, levels prevents a unique con-
struction of its potential energy curve. Comparison 1s
made for both states with the potential energy-curves cal-
culated by two ab initio methods and one semiempirical
method. Best agreement is observed with the calculations
of Thulstrup and Andersen.”* Kinetic-energy analysis of
the N* photofragments places the X 'S state and the
predissociated levels of the 1'Il, state on an absolute ener-
gy scale. Comparison with the accepted experimental
values of the N,** appearance potential suggests that the
X '} may not be the lowest energy state of this ion.
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Laser photofragment spectroscopy of NO*. I
Predissociation of the 2 °IT state?

P. C. Cosby and H. Helm

Molecular Physics Laboratory, SRI International, Menlo Park, California 94025

(Received 3 April 1981; accepted 2 July 1981)

NO" ions, produced by electron impact on NO, are observed to predissociate into O7(*S? + N(‘S°) when
irradiated by a dye laser at wavelengths between 6600-5650 A. The highly structured wavelength dependence
of the photofragments reflects absorptions from three vibrational levels in a long-lived NO* electronic state to
20 vibrational levels of a predissociated electronic state. The transitions are tentatively identified as
27 =0-19%—b" T ~(v” = 8-10). The weakly bound 2 */T state is found to lic 0.698-0.925 eV above the
lowest separated atom limit of NO* and to adiabatically correlate to the N*(*P) + O(*P) limit. This state is
also found to be homogeneously perturbed, most likely by the */7 state arising from the O*(*S® + N(*D?)
limit, and to be predissociated by the a *3 * state. The predissociation lifetimes for all rotational levels in

v’ = 0-8 are > 1.6 ns. Perturbations in &' *Z ~(v = 9) are discussed.

I. INTRODUCTION

Because of its exceptionally low heat of formation,
NO* is the most abundant chemical species in the ther-
mosphere and is a key reactant at lower altitudes. 1-3
Yet, in contrast to its isoelectronic neutral analog N,,
very little spectroscopic information has been obtained
on the electronic structure of NO*. Only the A'lf-Xx'z*
Miescher —Baer bands' have been identified in a nitric
oxide gas discharge. They are also the only emission
bands that have been rotationally analyzed. " Two addi-
tional band systems attributed to 5’3"~ X 'E* and b°n
- X'T* have been observed at low resolution in the fluo-
rescence from an NO* ion beam. "® Nevertheless, a
relatively complete description of eight low-lying elec-
tronic states of NO* has emerged from the combination
of these measurements with electronic structure calcu-
lations®'! and the photoelectron spectroscopy of NO, 2
Current knowledge of these states has recently been re-
viewed by Albritton, Schmeltekopf, and Zare'’ who de-
rived the NO* potential energy curves shown in Fig. 1.

Experimental information on electronic states above
the lowest dissociation limit O°(*s%) + N(‘s") is only frag-
mentary. Theoretical calculations by Michels!! predict
twelve additional bound states to lie within 24 eV of the
NO X'n ground state. Only two prominent features are
observed by photoelectron spectroscopy above the low-
est dissociation limit. '? They refer to bound states at
21.72 and 22.7 eV. Photoabsorption, '3 photodissocia-
tive ionization, '3'% and photoelectron-photoion coinci-
dence'’ spectroscopy of NO, together with studies of the
spontaneous!?=%® and collisional dissociation?*~? of NO*,
have also probed the NO* electronic states in this re-
gion, but none of these techniques has achieved suffi-
cient resolution to permit state identifications.

We report here the initial application of predissocia-
tion photofragment spectroscopy to the investigation of
NO’ excited states. This technique allows the first ob-
servation of bound-bound absorption transitions in NO*,
The transitions are pumped by a laser and are detected

% Research supported hy the Air Force Office of Scientific Re-
search and the Army Research Office.
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by observing the subsequent predissociation of the upper
electronic state to O°(*s% + N(‘s’) products. Measure-
ment of the kinetic energies of these photofragments es-
tablishes the absolute energy locations of both the (lower)
absorbing and (upper) predissociating states with re-
spect to this lowest separated atom limit of NO*. The
transitions are attributed to 2°M(v' =0-19) = 5"*~(y"’
=8,9,10). Vibrational analysis of the absorption bands
indicates the 2°1 state correlates to the N*(*P) - O(*P)
separated atom limit and exhibits a shallow well (D,

> 0.21 eV) at an internuclear distance near 1.7 A.
Abrupt changes observed in the vibrational spacings sug-
gest this state is homogeneously perturbed. Portions of
the spectra are observed with sub-Doppler resolution
allowing complete resolution of a complex rotational
structure which could not yet be assigned. The absorp-
tion linewidths yield a predissociation lifetime of =2 1.6
%x10°° 3 for the lower vibrational levels of the 2°IT state.

1l. EXPERIMENTAL METHOD

The apparatus used in the present study has been de-
scribed in detail elsewhere, ?* as has its application to
the high resolution spectroscopy of molecular ions.2
Briefly, the beam from a tunable cw dye laser is made
coaxial with a fast ion beam of NO* over an interaction
length of about 60 cm. The NO® ions are produced by
electron impact ionization of NO in a high pressure ion
source (0,5 Torr, ~100 eV electron energy). The ions
are accelerated to typically 4000 eV, mass selected,
collimated, and merged with the laser beam. If an ab-
sorption of photons occurs which results in photodisso-
ciation, the photofragments N* or O° which are ejected
perpendicular to the direction of laser polarization are
detected after kinetic energy analysis. The time inter-
val between formation of the NO* ions in the source and
their irradiation by the laser is estimated to be between
12-30 us, the principal uncertainty in this estimate
being the residence time of the ions in the source.

Most of the spectra reported here were obtained with
the dye laser operating multimode at a bandwidth of
approximately 1 cm™ and irradiating the NO' ion beam
within the cavity of the laser. The advantage of high
photon flux obtained using this technique is partially off-

© 1981 American institute of Physics
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set by the doubling of each absorption transition by the
opposite Doppler shifts produced by photons propagating
parallel and antiparallel to the ion beam velocity. Scans
of the dye laser wavelength were made over the range of
6600-5650 A for various settings of the energy analyzer
to detect either N* or O° photofragments produced with
center-of-mass separation energies (W) between 0 and

1 eV. More limited scans were made using the extra-
cavity beam of the laser to irradiate the ion beam. In
this case only a single Doppler component is observed,
but at a substantially reduced signal to noise ratio.

Portions of the spectra were obtained using the extra-
cavity beam of a single-mode ring dye laser having a
bandwidth of +25 MHz (0.0008 cm"!). The laser was
scanned over wave number ranges of ~1.5 cm"! by piezo-
electrically tuning an intracavity etalon while modulat-
ing the laser cavity length to obtain a pseudohomogeneous
distribution of laser frequencies between its 100 MHz
cavity mode spacing. The procedure increased the ef-
fective bandwidth of the laser to between 50-100 MHz.

A substantially smaller bandwidth could be achieved by
fixing the laser frequency and velocity tuning the ion
beam. However, this necessitated a more limited wave-
length coverage than was required in the present study.
The total apparatus produced linewidth of an absorption
is the convolution of the laser bandwidth with the Doppler

3.0 35

width of the transition due to the finite velocity spread

in the NO* ion beam. The coaxial arrangement of the
laser and ion beams together with the use of relatively
high ion beam kinetic energies reduces this Doppler con-
tribution to <100 MHz.

During the course of these measurements, the pre-
viously reported'®-?° metastable decomposition {sponta-
neous predissociation) of NO* was observed to produce
O* fragments with W =50, 140, 220, 300, and 370 meV.
This fragmentation is not influenced by laser irradiation
at wavelengths between 6600-5650 A. No higher energy
O’ fragments and no N° fragments arising from meta-
stable decomposition were detected. It should be noted
that the weak features observed at W =95 and 181 meV
in the kinetic energy spectra of Govers and Schopman'?
did not appear in the present measurements, probably
reflecting the difference in ion sources and flight times
between the two experiments.

In addition, no direct photodissociation processes
(bound-free transitions), arising from perpendicular
transitions to repulsive NO® states were observed be-
tween 6600-5650 A. The direct dissociation of NO* to
N°’, which has been observed?® in a parallel trangition at
an unspecified argon ion laser wavelength, was not in-
vestigated here.

J. Chem, Phys,, Vol. 75, No. 8, 15 October 1981
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FIG, 2. Low resolution (~1 W) wavelength dependence for the
production of O photofragments with various center-of-mass

6000

kinetic energies (W). The NO’ ions were irradiated in the
laser cavity; each absorption appears 4s a Doppler doublet
separated by ~3 A.

ill. OBSERVED SPECTRA

More than 40 NO* absorption bands are observed be-
tween 6600-5650 A which produce O° photofragments
with W in the range of 0-900 meV and N* photofragments
with W in the range of 0-600 meV. The most prominent
band system produced O° photofragments with W between
698-925 meV. Only this predissociation band system
will be discussed in the present paper.

The wavelength dependence for the production of O°
photofragments between 6500-5750 A with various
center -of-mass separation energies (W) is shown in
Fig. 2. The data were obtained intracavity; the Doppler
doublets are separated by ~5 A at 6000 A. Two promi-
nent vibrational progressions appear in this wavelength
range. For the purpose of discussion, the members of
these progressions are labeled ay—~a; and 3;~3;. The
reason for this choice of subscripts will become ap-
parent.

The variation of photofragment separation energy with

P. C. Cosby and H. Heim: Laser photofragment spectroscopy of NO*. |

wavelength is an important factor for the identification
of the spectra. If we follow any given band in Fig. 2,
we observe a maximum intensity at a particular setting
of the energy analyzer. For example, bands @, and 3,
are observed with maximum intensity in the W~ 711 meV
spectrum. A composite spectrum of the two band pro-
gressions which reflects the absorption strengths of the
transitions rather than the kinetic energy distributions
of the resulting photofragments may be constructed by
piecing together wavelength scans at the optimum energy
analyzer setting of each band. Such a spectrum is shown
in Fig. 3 for the wavelength range of 6600-5650 A.

More detailed information on the photofragment sepa-
ration energies is obtained by setting the laser to a fixed
wavelength within each band and scanning the energy
analyzer. The value of W observed in each of the bands
is given in Table I together with the photon energy of the
transitions (G,.,,.). It can be seen that within each of
the progressions a and 3, the variation in W from one
band to the next corresponds directly to the photon en-
ergy difference of the bands AG,. We may therefore
conclude that progression a involves transitions from
one vibrational level of the absorbing state to 11 closely-
spaced vibrational levels in the upper electronic state
which predissociate. In addition, bands 3,-3; have the
same values of W and AG,. as bands a,-a; in the pro-
gression at higher photon energy. This demonstrates
that both progressions share the same upper state vi-
brational levels. The relative numbering of these levels
is given by the subscripts in the band designations.

The energies of the absorbing levels in the lower
electronic state, relative to the O° + N limit produced by
the photodissociation, are obtained by subtracting the
transition energy G,.,... for each band from the photo-
fragment kinetic energy W observed in the band. These
values are listed in the last column of Table [. It can
be seen that the « bands arise from a vibrational level
of 1.323 eV below the separated atom limit whereas the
B bands originate in a higher vibrational level located
1,187 eV below this limit. The similarity in the rota-
tional structure of the a and 3 bands suggests that each
progression originates from the same lower electronic
state.

In addition to these two strong progressions, two
weaker progressions produce O° photofragments with
center-of-mass kinetic energies between 830-925 meV.
These transitions, labeled vy and 4, in Fig. 4 appear at
wavelengths between 6134-5914 A and 6379-6268 A,
respectively. It is clear from the W -G, .. values in
Table I that the ¥ bands originate from the same lower
vibrational level as the 3 bands, but access higher vi-
brational levels in the predissociated upper state. The
8 bands, on the other hand, originate from a third,
higher vibrational level in the absorbing electronic state.
The values of W, together with the upper state vibra-
tional spacings, show that the pairs of bands a4 and v,
ag and y,, as well as ay; and v, each share the same
upper state vibrational levels. Similarly, the four pairs
of bands y;-6,; through y(;-%,; also share common
upper state vibrational levels. Thus, three absorbing
vibrational levels in an upper electronic state are ob-
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FIG. 3. Moderate resolution (~1 em™), composite spectrum for the production of O° phc*»fragments. The center-of-mass kinetic
energy of the collected photofragments linearly increases with photon energy from 0.68 eV at 15100 em to 0.81 eV at 16150 em™
and from 0.67 eV at 16 250 cm™' to 0. 85 eV at 17670 cm™'. The NO' ions were irradiated in the laser cavity; each absorption ap-
pears as a Doppler doublet separated by ~14 em*,

TABLE I. Observed transitions and photofragment kinetic energies.

Band v' ¥’ G gelem™?®  AG, (em™)® 4G, (em™)e WieV)  W=Gp . (eV)®
ag 8 o© 16 306 203 1103 0.698 -1.324
a, 8 1 16 509 182 1100 0.724 -1,323
@, 8 2 16691 155 1099 0,748 -1.321
a3 8 3 16 846 120 1102 0.765 -1.324
a, 8 4 16 966 118 1097 0.781 -1.323
as 8 5 17084 107 oo 0.793 -1,325
o 8 6 17191 100 e 0.808 -1.323
a; 8 7 17291 106 oo 0.823 -1.321
ay 8 8 17396 97 1095 0.832 -1.325
ay 8 3 17493 88 1097 oo oo
ay 8 10 17581 1094
Be 9 0 15203 206
By 9 1 15409 183 vas 0,723 -1.188
B, 9 2 15592 152 cos 0.745 ~-1.188
83 9 3 15744 125 o 0.771 -1.181
B, 9 4 15869 124 vee 0.780 ~1.188
Bs 9 5 {15 993)f 0.794 -1.189
s 9 8 16301 95 0,828 ~1.193
s 9 9 16396 91 e 0.847 -1.186
Yto 3 10 16487 90
T 9 11 16 577 78 oo 0.869 ~-1.186
Y3 9 12 16 655 68 vos 0.882 -1.183
Y13 9 13 16723 67 1035 0.893 -1.180
e 9 14 {16 790) 59 1036 0.899 -1,183
Yis 9 15 (16 849) 54 1039 see vee
T 9 16 (16 903) oo 1035 e e
813 10 13 15688 66
814 10 14 15754 56 oo 0. 900 ~1.053
85 10 15 15810 58
¢ 10 16 15868 52 oo 0.915 -1,052
81 10 17 15920 43
b1 10 18 15963 (36) vee ee ..
iy 10 19 (15 999 0.925 -1.059
*Photon energy measured at band center. G gt urt = Gyr oo Gy oyt =Gy grrars

‘Translational energy released in the photodissociation, The absolute uncertainties in these values
are (3013 eV. The relative uncertainty between measurements is about a factor of two smaller,

*1 eV =23065.479 cm*™'.

Parentheses denote values especially uncertain because spectral features were weak or poorlv de-
fined.
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FIG. 4. Moderate resolution (~1 cm™), intracavity spectra of
the vy and § bands. The center-of-mass kinetic energies of the

collected O® photofragments increases linearly with photon en-

ergy from 0.85 to 0.94 eV in the upper spectrum and from 0. 81
to 0. 92 eV in the lower spectrum,

served in the 6600-5650 A wavelength region.

Band a, and portions of bands a,-a4 were investigated
at high resolution. A 0.5 A segment of band a, is shown
in Fig. 5. The transition linewidths observed here, as
well as in the other bands, are ~100 MHz, correspond-
ing to the apparatus-induced linewidth. This places a
lower limit on the predissociation lifetime of the upper
electronic state of 7,= 1,6x10°? 3, The high resolution
spectrum of band o, was found to consist of more than
280 resolved transitions having no discernible pattern
other than an apparent clustering of rotational lines into
three groups separated by approximately 10-12 cm™!.

It should be noted that the intensity of the transitions
detected is dependent on the photofragment angular dis-
tributions, which vary® with both J and AJ. Rotational
analysis of this spectrum has not yet been possible, but
even without it we are abie to identify the observed
transitions primarily on the basis of the measured pho-
tofragment separation energies, as discussed in the
following sections.

e e e e e e A A A
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IV. DISCUSSION

A. ldentification of the lower electronic state

The locations of the three absorbing vibrational levels
in the lower electronic state below the O* + N separated
atom limit are directly given by the W - G,. .. values
listed in Table I. The energies of these levels averaged
over the a, 3, 7, and 6 bands are -1.323 =0, 002,
-1.187+0.005, and —1.055:0.005 eV. The error
limits here refer only to the relative uncertainties in the
measurement of W. An absolute uncertainty of :% 3% eV
in the W measurement is the actual accuracy with which
the absolute energy of this group of three levels can be
established. '

The separation of the lower state vibrational levels
can be more precisely determined from the photon en-
ergy difference of bands terminating in the same upper
stafe vibrational levels. These separations are given
as AG,. in Table I. Average values of AG,., =1098:86
cm™ and AG,..,  =1036 +6 cm™ from the four progres-
sions each contain an unknown error due to our use of
band centers rather than band origins, in the absence of
a rotational analysis. This error is manifested by the
small, but statistically significant, decrease in AG,..
with increasing upper state vibrational level. The mag-
nitude of the error introduced by the use of band centers,
howevrr, is not likely to exceed 6 cm™!; measurements
of these band separations from other locations within the
rotational envelopes of the bands give values for the
lower state vibrational spacings which agree with the
band-center values to within the stated precisions.

Although the measurement of photofragment kinetic
energies establishes the location of the lower state vi-
brational levels with respect to O* + N, the electronic
states of the photofragments must be deduced indirectly.
If the predissociation leads to the lowest separated atom
limit O*(*s® + N(*s", the lowest of the three vibrational

! NO* + by = O* + N
i |
(72 I .
e
4
z |
2 '
Q
< |
c |
w o
s J
[~
2 |
a
A
o
| | ‘ B
| [
'M ‘ Wh L lvli““ JJ )
iy i y | ‘ | 7
i e | L A
16684 16686 16688
PHOTON ENERGY (cm-!)
FIG. 5. High resolution {~1,003 cm™") spectrum of a portion

of the a, band.
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TABLE II. Lower state vibrational levels,?

AG 0 AG ey
State v’ (em™) fem™)® Dye (eVV?
btz 3 1089:+13 1068+ 14 ~1.338+£0.015
Arls 7 1069+ 6 10426 -1,277+0,010
w'a S 1079+ 18 1056 + 20 -1.326:0,058
This work  p”* 1098+ 3 1036+ 10 ~1.3232:3%8

%Values for the b’, A’, and W states are calculated from the
molecular constants in Table I of Ref, 13.
PG yre =G ooy

QC'M.I -Gv"oz-

9Energy of v*’ with respect to the O° (‘% - N (4s%) separated
atom limit. The b’, A’, and W states actually correlate to

the N°(*P) - O(*P) limit, which is higher in energy by 0.916 eV,

levels would lie 18.80 eV above NO X1 (»=0). Disso-
ciation to the next higher O* limits: O°(‘s% + N(*DY),
0°(2D% + N(%s%, or O°(*s®) + N(*P") would place this vibra-
tional level at 21,17, 22.12, or 22.37 eV, respectively.
However, it is unlikely that bound states at the energies
required for the production of electronically excited
photofragments would be present in the ion beam. No
features appear in the NO photoelectron spectrum‘z at
these energies, which indicates such levels would not

be populated by direct ionization of NO in the ion source.
Nevertheless, electronic states not observed in the pho-
toelectron spectrum are predicted by theory!®!! to lie in
this general energy range. These states are bound at
internuclear distances too large to permit their produc-
tion in a direct ionization process or involve multiple
electron excitations but could conceivably be produced by
radiative cascade from higher states. Such higher
states would, however, be metastable with respect to
predissociation by the manifold of states arising from
the two lowest separated atom limits. Indeed, produc-
tion of O° and N° is observed in the photodissociative ion-
ization spectrum'>!® of NO at all photon energies above
these respective thresholds. In addition, no production
of N* of O* from the unimolecular decomposition of NO*
in a beam 18 observed from states above 20.5 eV, in-
dicating the predissociation lifetimes of such states, if
formed, is much shorter than the ~ 10" g transit time
between the ion source and the photon interaction region
in the present experiment. We therefore conclude that
the observed photon-induced predissociations produce
photofragments in their ground electronic states. Fur-
ther support for this conclusion is presented in Sec. IV B.

Eight of the 22 electronic states which arise from the
two lowest dissociation limits have been defined experi-
mentally. Using the molecular constants'® for these
eight states, we may calculate the locations of their vi-
brational levels in the energy region of our observed
lower state levels. Only three of these states, the
A''z°, b'7z", and W'a, have vibrational spacings in
the vicinity of the measured values of 1098 and 1036
cm~, The calculated positions of their vibrational
levels with respect to the O*(‘s% + N(‘s%) separated atom
limit are given in Table II. It can be seen from this
table that the A’ state must be excluded from the list of
candidate lower states because the locations of its rele-
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vant vibrational levels are 0.05 eV away from the ob-
served levels, which is well beyond the combined uncer-
tainties in these locations.

The W'a(+"’ =5, 6, 7) level separations are in good
agreement with the lower state energies of the predis-
sociation bands. However, an important consideration
argues against the selection of a singlet state as the can-
didate lower state: the large number of rotational lines
observed would require the lower state in even the
most complex singlet—-singlet absorption system to
have a rotational temperature of >800 K. In con-
trast, the rotational temperature of O, ions pro-
duced by electron impact on O, in our source is found®®
to be 400+ 50 K. The formation of NO' from NO is com-
pletely analogous: hence we expect a similar rotational
temperature. Consequently, the most likely candidate
lower electronic state isbh' *T*(:'' =8,9, 10). Observa-
tion of a perturbation in '’ =9 of this state (Sec. IV C)
lends additional support for its selection.

B. The upper electronic state

The lowest vibrational level of the upper electronic
state which predissociates in the wavelength region of
6600-5650 A lies 0.698:% 33 eV above the 0°('s") - N('s")
separated atom limit. This level is accessed by bands
@y and 3, in Fig. 3. A detailed search of this spectral
region gave no indication of lower energy vibrational
levels in this electronic state (see, e.g., the W =628
meV spectrum in Fig. 2). The relative intensities of
transitions to the upper state levels from each of the
three vibrational levels in the b’ state are given in Fig.
6. It can be scen that the intensities from »'' =8 and 9,
which otherwise sxhibit a periodic variation wiith upper
state level, aoruptly terminate at our lowest observed
level. This suggests assignment of the W=0.698 eV

level to »'=3. We note that the long predissociation

RELATIVE INTENSITY

I 1 oL

0 5 10 15

FIG. 6. Relative intensities of transitions to the predissociatea
vibrational levels ip”) of the upper electronic state from 5/°T"
(v’ =3, 9, 10y, The intensities {points) are connected by ar-
bitrary, smooth curves.
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lifetimes of these levels, as evidenced by their narrow
absorption linewidths, demonstrates a predissociation
caused by a weak interaction. It is unlikely that the on-
set of this interaction would begin abruptly at other than
the lowest upper state vibrational level. Thus, we
adopt, for the sake of discussion, the assignment of the
lowest observed level to v’ =0 while awaiting future work
on the isotopically substituted ion to confirm the assign-
ment. Thus, bands a,-ay, correspond to (v', »’’)

=(0, 8)~(10, 8), bands j3,-3; correspond to (0, 9)-(5, 9),
bands y4-y; correspond to (8, 9)~(16,9), and bands
843-04 correspond to (13, 10)-(19, 10).

The upper state vibrational spacings AG,., determined
from the centers of the observed bands, are shown as a
function of mean upper state vibrational quantum num-
ber (v +1/2), in Fig. 7(a). The squares, circles, open
triangles, and closed triangles are the values determined
from bands a, 8, v, and 8, respectively. The error
bars for (v’ +3) =0.5 = 6.5 reflect the variation in AG,
values obtained using the separations of bandheads. iso-
lated rotational lines, and band centers. Thus, the mag-
nitude of this variation gives some measure of the in-
fluence of changes in the upper state rotational constants
with vibrational level on the apparent upper state vibra-
tional separations determined from the oand centers
alone. The error bars for points at (v’ +$)> 7.5 re-
flect only the uncertainty in locating the band centers.

The slope of AG,. in Fig. 7(a) exhibits a strong dis-
continuity at ©'~4. The magnitude of this discontinuity
far exceeds any possible uncertainty in the upper state
vibrational spacing arising from the use of band center
separations rather than band origins. Its presence sug-
gests?®3? that a homogeneous perturbation occurs in the
upper electronic state. This will be discussed in
Sec. IVD.

The observed values of AG,. are replotted in Fig. 7(b)
as a function of the energy of the upper state vibrational
levels with respect to the O°(‘s’) + N(‘s®) separated atom
limit (W, ;). The functional dependence of the energy
eigenvalue separations of a Morse oscillator on such a
plot is that of a parabola with its apex near the dissocia-
tion energy of the oscillator.?® Also shown in Fig. T{b)
are the corresponding energies of the nine fine-structure
combinations possible for the N*(*P) + O(*P'} separated
atom limit.

It is clear from Fig. 7(b) that the upper electronic
state correlates to an atomic limit 0.94 = 0. 001 eV above
the separated atom limit populated in the predissociation.
This energy difference is quite independent of any pre-
sumption of photofragment atomic state. The fact that
the observed difference directly corresponds to the en-
ergy separation of the two lowest separated atom limits
of NO*: O°(*s") + N(‘s") and N*(°P) «O(*P), rather than
to any pair of higher energy limits, confirms the argu-
ments made in Sec. IV A that only ground electronic
state photofragments are produced in the photodissocia-
tion.

The selection of candidate upper states can be re-
stricted to those correlating to the N*(*P) ~ O(*P) limit
which can reasonably be expected to exhibit the vibra-
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FIG. 7. Vibrational spacing in the predissociated upper elec-

tronic state as a function of (a) mean upper state vibrational
quantum number (v’ - %) and (b) upper state energy with respect
to O°*$% - N(‘S%. The energies of the nine fine-structure
combinations of N*(°P)« O(*P) are also shown in (bl. The
squares, circles, open triangles, and closed triangles are the
spacings derived from the o, 3, 7, and 6 bands, respectively.
The dashed curves are least-squares fits of AG,, to a linear
functional dependence on (v’ < 3) in (a) and a guadratic func-
tional dependence on W, in (b). The horizontal error bar in
(b) shows the absolute uncertainty in the energy scale.

tional frequencies and homogeneous perturbation dis-
cussed in the preceding section, In addition, we re-
quire an upper state that is optically connected to the

b' 3z state by a dinole-allowed transition. This reduces
the candidate upper states to cither the »°[1 or the 2311
states (see Fig. 1).

Only the first two vibrational levels of the b state have
been observed by photoelectron spectroscopy. Extrapo-
lation of the constants for this state 14 vibrational levels
into the energy region of the observed upper state yields
vibrational spacings more than a factor of five larger
than those of the predissociating levels. Moreover, it
is clear from Fig. 1 that the vibrational overlap between
the high vibrational levels of the b state and b’ 'S*(¢'’
=8,9,10) will be extremely poor.

In contrast, the proverties of the 2 Tl state are quali-
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tatively in agreement with those expected from the ob-
served transitions. The potential curve of this 2°[ state
calculated by Thulstrup et al.'? is shown as the lower
dashed curve in Fig. 1. The curve calculated by
Michels!! for this state has an outer minimum of ~0.5

The theoretical calculations which are presently avail-
able do not accurately describe the NO* potential curves
above the first separated atom limit. This is particu-
larly unfortunate in the present investigation since the
states in this region are expected to have strongly mixed

eV at~ 1,95 A and no inner minimum, Each of these
calculations yields a 2°0 potential curve which allows
vertical transitions to this state from the b’ ’=-(v"’
=8-10) and has the shallow potential well necessary to
explain the small upper state vibrational spacings ob-
served in the predissociation spectra. In addition, both
calculations predict one or more avoided crossings be-
tween the 2°1 state and other curves arising from higher
NO® dissociation limits. In the calculations of Thul-
strup et al., one of these perturbations occurs within
the bound region of the potential, leading to the forma-
tion of a second minimum at shorter internuclear dis-
tances. Such a feature would qualitatively account for
the abrupt change in vibrational spacings observed in the
predissociation spectra.

No significant structure appears in the NO photoelec-
tron spectrum'? which could be associated with the
predissociated levels of the 271 state. However, an in-
tense peak is observed in the spectrum at 21.722 eV.
Four Rydberg serieg involving excitation of the NO 0* 2s
orbital have been identified which converge to this same
energy.'* These observations have suggested that the
origin of an NO® state lies at this energy with an equl-
librium internuclear distance close to that of NO(X 'm)
and an electron configuration of

ols?o®1s 025 0* 25! 02p? a2pt 7 2p! . v

Lefebvre-Brion®! has calculated the properties of the
NO’ states arising from this configuration and found that
the assignment of this feature to a °Il state is in best
agreement with the experimental observations. This
state has been named'?®! ¢’ by analogy with the N,
state having the same configuration, *' C*l,, which
adiabatically correlates to very highly excited atomic
products.’® The approximate location'’ of this state is
ghown in Fig. 1.

The configuration of the 2%1 state has not been re-
ported however, we know that it must correlate to the
N*(’P) + O(*P) separated atom limit. Only two ’T states
are possible from this limit. One of these is known'! to
be the 5[l state. We therefore attribute either of the

configurations, particularly at the larger internuclear
separations observed here. Thus existing calculations
are of little assistance in identifying the true form of
the 2°M potential curve. We are currently analyzing the
numerous other predissociation bands, apparently un-
related to the present band systems, which terminate in
levels above and below those discussed here. Hopefully,
some of these bands will provide additional information
on the location of the perturbing N state.

In summary, the following arguments have led us to
identify the main features of the observed band svstems
as 2°M = b' 3T transitions: (a) The energy locations and
vibrational spacing of v=8, 9, and 10 of the b’ state
agree with the lower state vibrational levels measured
in this experiment: (b) the complexity of the band struc-
ture, coupled with the apparent clustering of rotational
lines into three groups, ** is consistent with a 0 —3%"
combination; (c) the predicted position of the 2’1 state
allows good vibrational overlap with the relevant b’
levels: and (d) the homogeneous perturbation predicted
for the 23[1 state is consistent with the perturbed vibra-
tional spacings observed in the upper state. Additional
confirmation for this identification comes {rom the ob-
servation of a rotational perturbation in the =9 level
of the h'3=" state, which is discussed in the next section.

C. Rotational features in the bands

Detailed comparison of the low resolution spectra of
the a and 3 band systems shown in Fig. J reveals
marked differences in their rotational envelopes. These
differences are shown more clearly in Fig. 8 where the
(3,8) and (3, 9) bands are given on an expanded wave-
length scale. Although both bands have the same gen-
eral shape, the rotational structure in the (3, 9) band is
decidedly less congested. This suggests that +'' =9 of
the b’ ’T" state has fewer rotational levels populated
among the NO® ions in the beam than does '’ =8.

The b'%T" state is not the lowest triplet state in the
NO® manifold (see Fig. 1). It may radiate in allowed
transitions to the » Tl {the (9, 0) band origin would be

- configurations: at 5272 A]. However, transitions in the »' = h system
. have never been observed despite intensive searches in
B 1 mq 2 2 %42 2 .9.3 %0, 1
el ols’ 0" 15 025" 0 257 02p" 72p" 7 2p (2) spectra emitted from discharge lamps. This is un-
o or doubtedly because, as Field' suggests. the triplet states
O 2 eyl o fg 2onl o) ag,? 3 of NO' are quenched in the discharge faster than they
. als’a 1s*02s°0 25 02p" 52p 7*2p @) ~an radiate. Consequently, the only experimental evi-

dence for a long radiative lifetime for the »' state comes
from the ion beam emission studies of Maier and Hot-
land.® Several features in their spectra have been at-
tributed to transitions in the b’ 'S" =X 'S* svstem, in-
duced by spin-orbit interaction between the A 11 and
h'%xT- states.’ Their measurements indicate lifetimes

of order 10 us for several vibrational levels in the »’
state. The corresponding svstem ¢ =- =X 'T* in the iso-

to the 21 state. Configuration (3) is equivalent to the
major configuration'! of the ¢’ ’N, state in N,. Thus
this state may be the isoelectronic analog of the 2’11 in
NO°. Figure 1 does suggest that the repulsive wall of
the 2 'N state will pass close to the potential well of the
<1l state. Even the weak coupling expected between
(1)-(2) or (1)-(3) would predissociate the ¢ state. In-
deed photoelectron-photoion coincidence studies'’ have

.;"‘, found that the ¢ state is completely predissociated to electronic CO molecule is also known"* to be long-lived
oy N('P) - 0('P). (r=3 us).
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the rotational distribution of NO® ion arriving at the la-
ser, we have a.nalyzed:‘6 these perturbations using a non-
linear least-squares fitting procedure employing the ro-
tational energy expressions given by Herzberg” and
Kovacs®? for the T and 'l states, respectively. The
resulting deperturbed molecular constants obtained for
A'M(r=3) and b’z (v=9) are given in Table II[. Also
given in this table is the value obtained for the spin—
orbit matrix element (H,,) that couples these states. We
note that it differs by less than 10% from the estimate
given by Field.” Using these constants, together with
the measured lifetimes of 56 ns for the A state and 10
us for the b’ state, we have calculated the lifetime of
individual rotational levels in »’*S"(r=9). The pre-
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FIG. 3. Moderate resolution (~1 cm®"), intracavity spectra of
predissociations in 2°M(y’ =3) when accessed by absorptions
from v’’ =9 (upper spectrum) and v’’ =8 tlower spectrum) of
the /3S- state. Each absorption appears as a Doppler doublet
separated by ~14.6 cm™ in the upper spectrum and ~13.8 cm™!
in the lower spectrum., The Doppler doublets corresponding
to the 1solated rotational features discussed in the *2xt are in-
dicated in each spectrum.

The time required for NO® ions in our experiment to
reach the laser from the ion source is about 20 us.
Therefore, an appreciable fraction of the b’ state levels
that are populated during the ionization proc2ss will be
lost due to radiation. This direct radiative loss should
be essentially uniform among the rotational levels, hence
the Boltzmann distribution of rotational levels in the ion
source will be retained during the transit time of the
beam and will be similar within each of the vibrational
levels in tne &' state. However, v’ =9 of the b’ state is
locally perturbed by the v =23 level of the A ' state,
whereas the ¢'" =8 and 10 levels are not. This perturba-
tion was first predicted by Field' and has more recently
been observed by Alberti and Dougla.s6 inthe AlmM=-Xx1g*
emission spectrum. Figure 9(a) shows the deviation of
the rotational term positions measured by Alberti and
Douglas for the ¢ levels in =3 of the A state from the
term values that are expected in the absence of the per-
turbation. The discontinuities in this figure arise from
the near-degeneracy of several rotational levels in
A 'M(1- = 3) with the corresponding levels in the F, (N
=J-1) and Fy (N=J + 1) components (¢ levels) of
»" T (+'" =9). Perturbation of the f levels by the F, (V
=J) component is also observed.

The A state is short-lived {56 ns)’®; hence. the radia-
tive lifetime of the perturbed rotat. ‘nal levels in the »’
state will decrease to a degree dependent on the strength
of the perturbation. In order to assess this effect on

I\
I
|

DEVIATION (cm™ "}

3
¢
Jh
¢

LIFETIME ({us)

RELATIVE POPULATION

0 5 10 15 20 25 30 35
ROTATIONAL QUANTUM NUMBER

FIG. 3. Effects of the A'M(y=3), 5/ (y = 9) perturbation as
a function of rotational quantum number. The upper figure (a)
shows the deviation of the term energies of ¢ levels in A 'TI(p
=3) reporied by Ref. 6 from the energies expected in the ab-
sence of perturbation by 535y = 9, F=1,3). The center
figure (b) gives the expected radiative lifetimes of these levels
as a result of the perturbation and the lifetimes of the perturb-
ing 5"’ (v =9 levels. The bottom figure (¢) shows the ex-
pected 400 K Boltzmann population distribution in the rotational
levels of the »’’=" state produced by electron impact in the ion
source (dashed curve) and the population distribution in »'°S™ 'y
= 9) upon arrival at the aser 20 us later ‘solid curve).
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TABLE III. Molecular constants from the
A'll{y=3), 6"’ (v=9 perturbation.?

Alll(y=3) 535 (p=9)®
T,=77638.399 T,=77306,8
B,=1,50095 B=1.15997
B,=1.50109 =-0,141
D=6,7931%10"¢ A=1.01

Hyy=4.649°

aUnits are cm'.
%See Ref. 37.
CHy=(A'll, v=31Hy,13zt, v=9).

dictad lifetimes of the F; and F; components of this state
together with those of the e levels of A 'lI(r =3) are
shown in Fig. 10(b). A similar dependence is found for
the F. component and the f levels with their respective
lifetime extrema occurring at J =22. The resulting ef-
fect of this perturbation on the rotational distribution in
b"3z(r=9) after a 20 us beam transit time is shown by
the solid curve in Fig. 10(¢c). In comparison with the
400 K Boltzmann distribution that should characterize
the 4'3="(v =8) levels, which is shown by the dashed
curve in this figure, an appreciable fraction of the higher
rotational levels of v =9 will not be present in the beam
at the time of photoabsorption. The loss of these levels
likely accounts for the different rotational envelopes in
the +'' =8 and v’ =9 progressions.

A second prominent feature in the band structure of
the 2°M - b’ 3Z" transitions is the two isolated lines
which appear in the low resolution spectra. Figs. 3 and
9, on the long-wavelength side of each band terminating
in v’ <7, Above ¢’ =17, the lines appear to be blended
with adjacent band structures due to the decreasing vi-
brational spacing in the 2°[ state. The spacing within
each pair of lines is weakly dependent on upper state
vibrational quantum number, varying from 22 cm-! at
¢'=0to 15 cm™! at v’ =7, and is comparable in both the
¢'' =8 and 9 progressions. The isolated line which ap-
pears in Fig. 9 with Doppler components at 16 654 and
16669 cm™! was examined at high resolution. [t was
found to consist predominately of two strong transitions
separated by 3.00 em-!, each having linewidths <100
Mhz. A number of vlher, weaker features also appear
in this wavelength region as well as in the interval be-
tween this “line” and the main band.

The sudden onset of the isolated lines at 1’ =0 in both
the "' =8 and 9 progressions, their intensity pattern,
their photofragment kinetic energies, as well as the
upper state vibrational spacings derived from their
spacings are all consistent with the bands which we have
attributed to the 2°Mm - »’ =" transitions. This strongly
suggests that these lines also terminate in the 2’1 state.
However, the substantial separation of the lines from
the main body of each band makes it difficult to associate
them with the same rotational envelopes. In addition,
the lower state separation derived from the isolated
lines (1110.1 em*' at ¢’ =0 increasing to 1114.4 at ;'

=4) is significantly different from that derived from the
main band features (1101.7 em™ at ' =0 decreasing o
1098.9 at ' =4). It is likely that these lines arise from
transitions into 2°M from perturbed levels of a singlet
state.

D. Predissociation mechanism

The high resolution spectra of the bands terminating
in v’’ = 0-8 show no measurable variation in transition
linewidths. Rather, the observed linewidths are appara-
tus limited demonstrating that predissociation of the 2°1
state occurs only slowly (predissociation lifetimes
21.6 ns). Because only O° photofragments are produced,
the state responsible for the predissociation must be one
of the four states ('3 72*) arising from the N(*s?
+0°(*s% limit. The X'T*and a’T" states are too strong-
ly bound to interact effectively with bound levels of the
2°M state and the '=* state is not directly coupled to the
2°n state (AS =2). This leaves the a ’T° as the best
candidate for the predissociating state.

The @ °T* state is coupled to the 2°1 state through the
spin-orbit operator. The general effects of this inter-
action on the linewidths (I',) of the predissociating tran-
sitions may be investigated using the Fermi golden
rule®’

T,=2n{¢¥,(r,R) | V(R) [ ¥ (r.R)|? . {4)

Here ¥,(» R) and ¥ (r, R) denote the rovibronic wave
function of the predissociated level n and the continuum
wave function at energy E above the dissociation limit,
respectively, and V(R) is the operator that couples the
bound and continuum states. The use of Eq. (4) to pre-
dict the linewidths of the transitions neglects any line-
width contributions from the properties of the lower
state involved in the transitions, b’ 3T, This neglect is
justified on the basis of the long lifetimes™? of the b’
levels.

For the (2°M, @ °=*) interaction, Eq. (4) reduces to
To=271 2 |HR Mg a's)]2 . (5)
]

The summation over the components j of the Z° state
which interuact with a particular fine-structure level Q
of the 1 state is based on the assumption that only in-
significant phase differences among the j components
are accumulated from the point of interaction to the dis-
sociation limit. This is expected to be valid for a =
state because its fine-structure levels lie close in en-
ergy. We have evaluated the matrix elements for the
H(2°M,; @ °T7) using the *T* transformation matrix ele-
ments given by Kovacs'? and Hund's case (a) elements
for spin-orbit coupling given by Freed'!:

1 1 2
(JQsl‘\r:fjH,,',.JQs.\:x=(..1):<v_1 ) _J,{N, (6)

where Ay, is the intercombination analog of the spin—
orbit parameter. The resulting linewidths for the three
substates of 2° are 'y = Ay, T;=34,,, and T, = f4,,.
On the other hand, when both states are described by
case (b) coupling, the ratio of expected linewidths among
the three components is 0.67:0.77:1.
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Neither case would be distinguishable if A, were so
small (10" cm!) that the expected linewidth variations
fall below the limit of our experimental resolution. We
should therefore consider the possible magnitude of this
matrix element. The dominant electron configuration
for the a °T* state is'!

ols? o™ 1st 025t 0*2s% 02p 0" 2p? 72p? 17 2p% . (n

The probable configurations of the 2°IT state were given
by Egs. (2) and (3) in Sec. IVB. Both of these configu-
rations transform into (7) via single electron excitations.
This suggests approximating A, by single electron spin-
orbit integrals. Thus

A~ {w|x)m2p|al, | 0" 2p) , (8)
if 2°11 is described by configuration (2), or
A~ wlx){n2plal,|02p) (9)

for configuration (3), where (v) and (X) are the vibra-
tional and continuum wave functions of the 21 and « ’¢*
states, respectively. The one-electron spin-orbit ma-
trix element in Eq. (9) has been reported’ to be 76.6
cm*!, The value for the corresponding matrix element
in Eq. (8) has not been measured, but is likely to be the
same order of magnitude. Consequently, at this level of
approximation, only a uniformly small (~ 10"*~10"%) vi-
brational overlap between the 2°1 and a °T* states would
lead to the observed linewidths.

As can be seen in Fig. 1, the calculated potential en-
ergy curve for the o state passes directly through the
potential well of the 2 1 state. While this may certainly
lead to the requisite small overlaps for specific vibra-
tional levels of the 231'!, it is unreasonable to expect
accidentally small vibrational overlaps to account for
the narrow linewidths observed in each of the first nine
vibrational levels of the 2% state.*? This could indicate
that the relative locations shown for these two curves in
Fig. 1 are not accurate. However, we also note that the
(27, @ 2°) crossing occurs in the perturbed region of
the 2°M state. Since the perturbing ’T state undoubtedly
has a configuration different from either (2) or (3), the
use of a gingle configuration description for the 2°11 state
is clearly inappropriate. Proper treatment of the (2%,
@ 5T*) interaction will therefore require explicit calcu-
lation of the complete spin-orbit matrix element taking
full account of the configuration mixing when improved
theoretical potential curves become available.

V. CONCLUSIONS

Twenty vibrational levels of a weakly bound NO* elec-
tronic state correlating to N*(*P) + O(°P) are observed
to predissociate to 0°(*s”) + N('s?). The levels are ac-
cessed by electronic transitions from three vibrational
levels in 2 lower energy electronic state of NO* which
are sufficiently long-lived to be significantly populated
20 us 1fter their formation. The energies of the pre-
dissociated levels, together with the rotational and vi-
brational structure in the transitions, are most consis-
tent with agsignment of the upper and lower electronic
states to 2° and »'’=", respectively. The predisso-
ciated vibrational levels in the 2°I1 state are tentatively
identified as " =0-19.
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A number of perturbations are observed in the predis-
sociation spectra. The rotational population of the
b 3T ("' =9) levels appears to be selectively depleted
due to interaction with A 'M(r=3). The 2°M state is be-
lieved to be predissociated by the a ’T* state, but the
long predissociation lifetime of > 1,6 ns has not allowed
confirmation of this assignment. In addition, the 2°1
state is found to be homogeneously perturbed. The per-
turbing state is likely not the ¢ 31l state observed by pho-
toelectron spectroscopy, but the N state arising from
the O*(4s%) + N(2D% limit. On the other hand, the location
of the 2% state makes it the likely candidate for causing
the reported predissociation of the c N state.

Molecular constants are not given for the highly per-
turbed vibrational structure of the 2’1 state nor has ro-
tational assignment of the spectra been possible. How-
ever, this study has suggested a number of experimental
investigations which may lead to a unique description of
the 2°1 state. Zeeman splitting of the rotational lines
in the 231 - b’ ’T" transitions would greatly assist in
their assignment. Extension of the wavelength region
covered in the predissociation spectra to include transi-
tions originating in lower vibrational levels of the b’
state would also more precisely establish the 2°1 state
location. Isotope shifts in the vibrational structure
would confirm the vibrational numbering in the bands and
identify those bands which may arise from the perturbing
M state. Finally, assignment of the other band systems
in the NO* predissociation spectra may locate the per-
turbing 31 state. These will be the subject of future in-
vestigations on NO*,
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\ Discrete transitions are observed in an oH' fon beam which lead to

T predissociation into 0% + H. The transitions are assigned to the AS « X3¢~
‘J: system leading to quasibound levels supported by the Q@ = 2 and Q = 1 substates
of A3II. The observed predissociation manifests the action of long range
::.';:i dynamic coupling in the O+ +H, 0+ m* charge-transfer channels. Improved
ey

BN

SR values for the bond energy of oi" and the fonization potential of OH are
e obtained.
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INTRODUCTION

The charge-transfer reaction O + "+ ot + H 1s the first step in the
interstellar chemical cycle leading to the formation of OH.1 The reverse
reaction represents the major ionization source for atomic hydrogen in the
earth's ionosphere.2 The high rate at which this reaction proceeds in either
direction derives in part from the accidental coincidence between the
dissociation limits O(3p)) + H and 0%(%s®) + H(%S), which are degenerate

within the current knowledge of the ionization potentials of atomic oxygen and

N
.l

hydrogeu3 (see Figure 1). The importance of the charge-exchange reaction has

G

,.
r

triggered a number of theoretical investigations, the most fundamental being
4

A

the close-coupling calculations by Chambaud et al. who explicitly included

LA d'. ¢
.
IS

4."!
o

the fine-structure excitation in the charge-exchange channel. These authors

N
4 4 0

..o‘
[ 3

showed that the charge transfer event arises from dynamical coupling among the

-

OH' molecular states at large internuclear separations (4-6 A), with
enhancement in the cross section at specific energies corresponding to shape
resonances in the A3H state. Here we report a first experimental study of two
such resonances, which in a molecular picture may be viewed as quasibound
levels of the adiabatic fine-structure states of A3n shown in Figure 1. The
levels are excited from the X32' ground state in a mass selected o fon beam
with a CW UV laser. The dissociative decay of these resonances into ot +H 1s
monitored by observation of the charged photofragments and measurement of
their kinetic energy distribution. Analysis of Lhe excitation spectrum, the
photofragment separation energies and the excitation linewidths of the
resonances allows the assignment of quantum numbers to the resonances and a

first direct measurement of the dissoctation energy of ou*.
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EXPERIMENTAL

The apparatus, a laser-ion coaxial beams photofragment spectrometer, has

been described in detail p!:evi.ously,5

as has its application to spectroscopic
utudies.6 The OH+ was produced by dissociative electron-impact ionization of
water vapor and accelerated to a specified energy between 2 and 4 keV. The
mass selected and collimated ion beam was merged with the laser beam over a
distance of 50 cm. The argon-ion laser used in this work provided 6 discrete
wavelengths in the UV: 3638, 3511, 3514, 3358, 3345, and 3336 A. External
prisms were used to select the wavelength, which was then calibrated against a
stabilized HeNe laser. Transistions in OH+ were velocity-tuned into
resonance with the fixed laser frequency by varying the velocity of the ou*
beam in the laser interaction regiom. By directing the laser both parallel and
antiparallel to the ion beam, 10 spectral regions were investigated, each
covering approximately 7-10 cm-l in width. The ot photofragments produced in
photodissociation of Od" were deflected into an energy analyzer and detected
by a channeltron. Energy analysis of the photofragments allowed determination
of the energy of the dissociated levels above the dissociation limit, called
the separation energy W.

Seven discrete transitions and a weak continuous background were observed
to lead to photodissociation into ot + H. Figure 2 shows a typical wavelength
scan for W=0 obtained using the single frequency output of the Ar ion laser at
3514 A and tuning the o™ beam energy from 2000 to 2500 eV, The inserts give
the kinetic energy spectra of the o* photofragments obtained from the two
transitions. The discrete separation energy of the photofragments in the

center of mass frame is determined from the width of the kinetic energy dis-
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tributions measured at half height. The experimental parameters determined
for the observed transitions are compiled in Table I.

The transition linewidths (T') are determined from the breadth of the
absorption peaks at half maximum., They are wider than the apparatus limited
width (~ 100 MHz) and hence reflect the predissociation lifetimes of the
excited levels involved. 4

An attempt was made to observe u* photofragments. To our surprise none
were found. We now understand that the failure to observe BY 1s due to the y
greatly differing semnsitivities of the photofragment spectrometer in detecting
ot and ut fragments. To discuss the detection sensitivity we must examine the j
spatial discribution of photofragments, which 1s illustrated in Figure 3. The I
primary ion beam i3 merged with the laser beam in the first electrostatic

quadrupole element, Q- In the region between the two quadrupoles, the laser 4

with its polarization perpendicular to the parent beam velocity excites pri-
mary beam molecules to predissociated levels. Emerging from this event, the
fragment velocity is a sum of the original beam velocity and a component from
the separation energy. This latter component causes a shift in the laboratory
energy and angle of each fragment, the laboratory distributions depending on

the center-of-mass angular distribution of the photofragments. Shown in

Figure 3 are two extremes of such distributions, sinze and cosze, labelled 5
parallel and perpendicular respectively. The true distributions produced !

depend upon the various angular momentum quantum numbers of the states

involved and their lifetimes and lie somewhere between these two extreme

values. In the second quadrupole one of the photofragments (H+ or 0+) is
energy selected and thus separated from the remainder of the beam. The proton

fragments are centered around 1/17th of the primary beam energy, the oxygen

AEPEEE TSN o |

fragments around 16/17th of the primary beam energy. Due to the imparted
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:?ﬂj separation energy most of the fragments will spread around the original beam
n& direction, preferentially collecting within a circle with a radius determined
;5 by the ratio of center of mass speed of the separating fragments to the pri-
-:i; mary beam speed and the distance from the dissociation region. The two ‘
o |
) spatial distributions shown in Figure 3 were obtained by a Monte Carlo ‘
5ON
S calculation of actual apparatus trajectories accounting for realistic
LN
:fii operating conditions such as a finite beam size, and interaction length, as
{5‘1 well as dispersion effects in Qe To understand the greatly different ‘
i
:{? sensitivity for proton and oxygen fragments we have to recall that only a
;{d small fraction of the spatial distribution of photofragments is accepted into
;;;: the electrostatic energy analyzer which is situated about 170 cm downstream
RS from the second quadrupole and has an acceptance aperture of 1] mm diameter.
jﬁf, For an example we assume a primary beam energy of 3000 eV and a separation
}j} energy of W = 40 meV. A simple calculation for the spatial distribution of
( fragments after 200 cm of flight path shows that oxygen fragments will fall
‘:EQ into a ring of ~ 2 mm diameter. By contrast proton fragments, which due to
O
N their lower mass carry most of the separation energy, will spread much farther
4, h\
' around the beam, into a ring of ~ 30 mm. As a result the number of proton
A
s fragments falling into the aperture of the energy analyzer is order of magni-
A
f:f tude below that of the oxygen fragments. We believe that this discrimination
" is the origin for our inability to date to detect proton fragments from the
.
{Ef predissociating transitions given in Table I. |
ftt A more sensitive scheme for detecting the proton fragments is being !
A
~
WAY developed. The current paper describes results and interpretation derived
o
- from the detection of the oxygen ion fragment alone.
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IDENTIFICATION OF TRANSITIONS

A. A « X357 Transitions

A8 can be seen in Table I the measured linewidths and separation energies
are, within their experimental uncertainties, identical among the three
transitions a,b, and ¢ (group I), and the two transitions labeled d and e
(group 1I), respectively. Both linewidth and separation energy are attributes
of the upper electronic state involved and hence these results suggest that
all transitions within each group access a similar (or the same) predisso-
ciated level in the upper state. If we assume that the dissociation occurs to
the lowest dissociation limit, O+(aS°3/2) + E(ZS). the lower electronic state
involved in transitions observed in both groups I and II has, for energetic
reasons, to be x32' (see Figure 4). The observed spacings of the transitions
in both groups (0.61 and 4.80 em~! n group I and 4.60 cm-l in group II) are
consistent with the expected spin-splitting of levels in the XBZ- ground state
of OE+, but are much smaller than the rotational spacing in the ground
state. This further suggests that within each group the transitions access a
single quasibound level from the spin-split components of a single rotatiomal
level of the ground state X32-. The energetic location of these rotational
levels relative to the dissociation limit 0% + H may be obtained by subtract-
ing the measured separation energies from the transition energies. The lower
state levels involved in the group I transitions lie 28080 + 30 ca”! below the
dissociation limit, whereas those of group II lie 29678 % 30 cm-l below this
limit. The stated uncertainties arise from the uncertainty in the experimen-

8-10 ¢ the oH' ground state,

tal measurement of W. Using the bond energy
40446 + 90 cn-l, the rovibrational energy of the rotational levels (relative

to the lowest existing level in the ground state) are 12366 + 120 (group I)
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and 10768 t 120 <:m'1 (group II). The relative location of the lower state
levels is shown in Figure 4.
Herer11 et al. have studied the A - X gystem of o’ in emission, and have

1 excitation

analyzed rovibrational levels of the ground state up to 9700 ecm
energy, covering the ground state vibrational levels v" = 0, 1, and 2. Extra-
polation of their levels using their molecular constants into the energy range
observed here shows that two rovibrational levels with the required lower
state spacing fall into tﬂe range of dissociation energies for groups I and
II. These levels are v"=2, N"=21 (12304 cm-l), and v*=2, N"=18 (10677 cm ).
Since it 1is unlikely that the extrapolated rotational spacing 1s in error by

1

as much as 100 cm™ " the assignment of lower state levels to v"=2, N"=18 and 2l

is firm, provided the bond energy of oH' 1s correct within the uncertainties
stated in previous work.g’lo

Assuming that an allowed electromnic transition is observed, the upper
electronic state accessed by the transitions in groups I and II has to be the
a3n state which correlates adiabatically to the 0(39) + 8" limit. Three
pieces of experimental information are available which facilitate the assign-
ment of quantum numbers to the predissociated levels. For one, the kinetic

1 the transitions

energy distributions (see as example Figure 2) identify
labeled b and d in Table I as Q-type transitions (J'-J" = Q), the remainder
being of type R or P (J'-J" = + 1), Secondly, the observed relative intensi-
ties show that in group I the Q transition is strong while in group II the
strong transition 1is either type P or R (see Table I). A third source of
information comes from the spin-splitting of the lower state levels

involved. In Figure 5 we show the transitions of group I and group II on a
molecular energy scale. Since the ordering of fine-structure levels in the

3£- ground state has been established by the work of Merer et al.,12 we can
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identify the lower fine-structure levels involved in the Q-type transitions of
groups I and II as FE (N"=J"), The similarities among the transition
linewidths and among the separation energies observed for transitions in each
group suggest that each group accesses a single predissociated level, thus
requiring the assignment of the remaining transitions as P type (for transi-
tions d and e) and R type (transition b), with the R-branch transition of
group II being conspicuously absent in the experiment.

We have calculated the intensity distribution of the 27 possible branches
1in the oB* A3m - X3Z— transition using Merer's molecular constants and the

computer program "RLS™ kindly provided by Albritton.13

We find that, in order
to reproduce the observed intensity distribution, the upper state
fine-structure level for group I has to be asaigned to Fl' [corresponding to
3H2 in Hund's case (a)] while it has to be Fz' (3H1) for the tramsitions in
group II. The calculated intensities and observed, normalized intensities for
the assigned transitions are given in Table I. It may be seen that the third
transition expected for group II, R13(17), has a predicted intensity 100 times
smaller than that of transition Q12(18). Since the count rate for the latter
transition amounted to as little as 30 counts/s, the R;3(17) transition
expected for group II remained undetected. We note from Table I that the
predicted intensities for the strong transitions are higher than those
observed by a factor of 2 and 3. One possible explanation for this disagree-
ment is saturation of the transitions (the ions are illuminated with single
frequency radiation at power levels of typically 50 W/cm2 for several us).

The vibrational assignments in the upper state can be made by extrapo-
lating the known high-J' energy levels for the a3 state (v'=0-2 for OH' and

v'=0-3 for 0ﬁ+. from Reference 12) to the energetic dissociation limit. This

led to assignment of v'=6 and 5 for Groups I and II respectively.
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B. Remaining Transitions

The two transitions observed in group III appear with separation energies
too high to be supported by the A3H state. A tentative assignment of these

transitions to the cln - a1

A system can be made on the basis of the following
argument: Subtracting the separation energy from the transition energy we
find the lower state levels involved in transitions g and h to lie

22100 * 600 cm.l below the dissociation limit. If this limit is assumed to be
0+(AS°) + H(ZS) the lower st#ce levels involved are calculated to lie

2.46 + 0.07 eV above the bottom of the well of the OH™ ground state (see

Fig. 4). The OH photoelectron spectrum obtained by Katsumata and Lloyd10
places the lowest vibrational level in the alA state at 2,19 eV. The
deperturbation study in the A-X system of op* by Merer et al.,12 when combined
with the photoelectron results, places this level in oB" at 2.175 eV. Thus
rotational levels of alA(v-O) with J = 11 are expected to lie in the energy
range required for the transitions g and h. The cln state in OH' has never
been observed experimentally, however the calculations of Liu and Verhaegen7
place the lowest vibrational level in this state ~ 800 meV above the lowest
dissociation limit. The group III transitions are thus consistent with the
expec-ed energies for transitions in the clH - alA system of out. However,

the two transitions, g and h, do not provide sufficient information to

uniquely assign the vibrational and rotational quantum numbers involved.
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DISCUSSION

The assignment of the transitions in groups I and II warrants a further
analysis of the bond energy of oH" and a discussion of the dissociation
mechanism involved in the observed fragmentation into ot + H.

Based on our lower state assignment, an independent value of the bond
energy of o' can be derived from the current observations using the measured
separation energies. In order to do so, the rotational constants for the
ground state as obtained by Merer et al.12 have to be used to extrapolate from
the highest previously observed rotational levels (at 9700 cm_l) to the levels

involved here (at 10700 and 12300 em”!

, respectively). A value of

40384 + 45 em”! 1g obtained, where the stated error limits does not include a
small, but unknown uncertainty arising from the extrapolation. Using this
value for the bond energy in a thermodynamic cycle, an adiabatic fonization
potential of OH of 104873 t 60 cm ! is obtained, the additfonal 15 cm~!

uncertainty arising from the uncertatinty in the bond energy9

of neutral OH.
The direct measurement of the vertical ionization potential by Katsumata and
Lloyd10 gave a value of 104931 cm-l; the appearance potential measurement of
ot in the photolonization of H,0 provided an a upper limitla for the
ionization potential of 104811 = 75 en™l, Our value 1s consistent with both
of these previous values for the OH ionization potential and thus our bond
energy value represents an improvement over the previous, indirect values of
the bond energy of oit. The combination of all of these values, assuming an

1

uncertainty of + 80 cm ' in the dissociation energy derived from the work of

Katsumata and Lloyd, yields a "best™ value for the oH" dissoclation energy of

104866 + 20 cm”!.
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The potential energy curves shown in Figure 1 and 4 suggest that the

q observed quasibound levels are trapped behind the rotational barrier in the

- A3H state, and that tunneling through the barrier may be a plausible ;

R predissociation mechanism. The potential energy curves shown in Figure 1 were

gt

\ constructed by diagonalizing the asymptotic rotationless model Hamiltonian for

OH+, following exactly the work of Gentry and Giese15

3

and Chambaud et al.3.

o
et el o o

including the known polarizabilities of O and H, quadrupole moment of 0, and

3

spin-orbit coupling in O, and assumed~ charge-exc’.ange matrix elements between

s bt

i the 32_ states arising from O + u* and ot + H, and exponential repulsion in
~
:' the 52- state. Inclusion of off-diagonal coriolis couplings is straight-
~

forward in the atomic basis.16 This allows us to set up the asymptotic

Rl e

.- spin-rotation Hamiltonian which we give in Tables II and III, and to calculate

, .
P

rotationally-adiabatic potentional energy curves for both e- and f- parity
17

’
4

levels.

e e
L

Such calculations, which are illustrated in Figure 6 for J = 18

e-parity levels, show rotational barriers of 60 and 120 meV (above 0% + H) for

£

.. 3H2 (J=18) and 3H1(J'21), respectively., These barriers are sufficiently high K
. A.!
= to support the levels observed here. By integrating Y[V(R)-E] we calculated 1
,7 semiclassical lifetimes against barrier pener_ration18 and found that in the i

. former case the barrier height and width are consistent with the observed
- linewidths (Group II of Table I). In Group I however, the barrier calculated

for 3H1 is found to be too high for tunneling to be the only predissociation

-
. oy
!
DY NPT PUrIPTY U ¥

- mechanism.
:f Having rationalized the existence of quasibound levels in the A3T state b
- )
Z; " of OH+, we next seek to identify the mechanism by which these levels can -
- g
3 dissociate to 0¥ + H. Diabatically, all components of the A3H state are a
derived from the neutral oxygen dissociation limit. The adiabatic correla- :
tions are more complicated. Given the assumed degeneracy of the 0(3P1) + " N
e y
]
C—Al V:
-4
o B

o




and 0+(AS) + H dissociation limits, and including all interactions, only two
definite conclusions can be reached: the Q = 2 component must correlate to
0(3P2), while all other components must lead to either 0(3P1) or O+(As). Our
observation of 0F fragments from excitation of both the 3H2 and 3H1 states
confirms the importance of both spin-orbit and rotational coupling between the
I and I states. For example, the 3H2 could yield ot by two mechanisms: (1)
weak spin-orbit interaction with 52- near 4 A (which we have not included in
Table II because there is no first—order matrix element) or (2) it could mix
with 3H1 by rotational coupling near 4 A and mix a second time with 32- by
spin-orbit and charge-transfer. We note that the rotational coupling matrix
element between the two ST states (labeled f in Table II) amounts to 40 e}
at 4 A. With potential energy curves that are only qualitatively reasonable,
and with only the limited experimental data, we can not make more quantitative
statements at this time. By detecting both the 0% and #' fragments we would
be able to establish the branching between the four possible dissocilation
limits, which should reveal a more detailed view of the dynamics of predisso-

ciation, and of the reverse process, charge exchange.
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CONCLUSION

The observation of predissociation of quasibound levels in the A3H state
now opens the possibility of an experimental study of the long-range interac-
tions in OH+, similar to our previous studieslg’zo in 02+ and N2+. Our
observation of fragmentation into the 0% channel is direct evidence for the
action of nonadiabatic couplings between the 3H potential and the 3’52- states
which correlate to the 0+(“S°) + HZS limit. A first search for photofragments
reaching the B++O(3P) channel has been unsuccessful, due to the low
sensitivity of the present configuration to detect a light photofragment from
a heavy diatomic. We are currently working on an improved detection scheme to

study the branching among the four dissociation channels.
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:\ TABLE I. Transitions To Discrete, Predissociated Levels

B" Observed in OH'.

L.

»:_

-

b - hv W r Observed Calculated
Label ) (meV) (MHz) Intensity Intensity Assignment (v', v")
Group I A«X
a 28432.01 40 550 1 1 R,3(20) (5,2)
b 28432.62 40 550 15 41 Qy,(21) (5,2)
c 28437.40 ~ 40 ~ 550 1 1.1 P21(22) (5,2)
Groug I1 A« X
d 29948.16 34 4500 1 1 Q;,(18) (6,2)
e 29452.76 34 4500 5 9.9 P),(19) (6,2)
£ - - - not 0.01 R,43(17) (6,2)

observed
Group III c+a
g 28454.39 800 225 - - - (0,0*
h 28432.01 750 < 550 - -— - (0,0)
* tentative assignment
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Table III. HYmailtonian Parameters for OH™
Syabol prraulion‘ Description
2 0. o 5.770
a(R) - - 3—7 [2ay+ap ]| =~ % 0 - atom spherical charge-induced dipole®
6R ' R
° o . o_ 0, _l.612_ 0.03%
b(R) - - 39? - &_b [a.n - “21 - 3— - = 0 - atoa chuge-quadrupolg plus anisotropic
4R 6R R R charge-induced dipole
2 H 4.799
c(R) e -l ta H-atom charge-induced dipole®
4 = k
'Y ® R
e a(R) « 69.3 exp (-1.70R) Chacge-exchange®
"-:_--'
e ‘.{ (R) - 16382 A <
__x; e exp (~3.46R) Quintet repulsion
o
g(R) = 28(R) /I(3+1) Off-diagonal
e rotational coupling
A £(R) = 28(R) /ICF-Z
<
YR g2 ‘ x 107}
\'4': B(R) o 2,204 x 10 Rotational constant
Y 2uR R
RY

P, - - 19.62 x 1073
P, = 1.1 x 1078 Asymptotic energtes?
for 0 + H
Py = 8.520 x 1073
S LY Asyaptotic energyd for 0% + &

2Znergies in eV, distances in A.
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i ) FIGURE CAPTIONS
-
:.'_:-I
‘ﬂt} 1. Asymptotic rotationless potential curves for OH*, with energies expressed
';' relative to 0(3P2) + B,
'j:f 2. Variation in O photofragment intensity from the photodissociation of on*
N as a function of photon energy. Two transitions in the A3H
i
A (va5) « X32- (v=2) band appear in this portion of the spectrum. The
A
:?f. laboratory kinetic energy spectra of the 0+ photofragments arising from
.
>
\:*: each transition are shown as inserts. The underlying background in the
:n:: kinetic energy spectrum of the R23 (20) transition is due to the near
SN
A 1 1
:?g; coincidence at this photon energy of a ¢ Il « a A transition labeled h in
o
.\ l‘
e Table I.
(
~£i£j 3. Schematic of spatial distribution of ut photofragments produced from
¥ ..\
'\Q t
-1;\ parallel and perpendicular transitions in 0H+.
\.\
]
BN 4. Low-lying electronic states of OH' from references 3 and 7. The three
:{:f groups of observed transitions listed in Table I are indicated by I, II,
s and III in this figure.
\
SN
f{i{ 5. Energy level diagram of rotationa. transitions observed in Groups I and
_\'.\}
! ..:':-; II.
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Asymptotic, rotationally-adiabatic out potential energy curves for parity
“e” levels with J = 18, The solid curves are eigenvalues of the
spin-rotation Hamiltonian in Table II. The 52- curves, given by the
dashed lines, were calculated separately because they are not mixed with
other levels by this Hamiltonian. The solid and dashed horizontal line

segments give the energetic location of v = 6 in the bound and barrier

regions, respectively, of the A3ﬂl substate. All energies are referenced

to the 0+(AS) + H separated atom limit.
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e APPENDIX D

PHOTOFRAGMENT SPECTROSCOPY OF SO+
P. C. Cosby
Molecular Physics Department
Chemical Physics Laboratory

SRI International
Menlo Park, CA 94025

ABSTRACT

The so* ion, produced by dissociative electron-impact ionization of 505,
is observed to photodissociate into S+ + O over the wavelength range of
6900 - 5750 A in a series of structured bands. The bands are assigned to the

b7(v = 7-12) «  a'I(v = 1-8)

absorption with subsequent predissociation of the b state levels. The
predissociation lifetime of the v = 7 level of the b state is found to lie in
the range 5 < t < 26 ps. The predissociation process is attributed to
spin-orbit coupling to the 142+ state. The observed b « a band locations and
photofragment kinetic energy releases are combined with existing photoelectron
and emission spectroscopy data to yield improved molecular constants for the a

and b states.,
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i I. INTRODUCTION
ﬁ;: The so* ion, which is isosteric with 02+, but lacks the g-u symmetry
:ﬁ: restrictions on its electronic states, had not been observed spectroscopically
I‘ ~
% until receantly. The photoelectron spectr\m1 of the SO radical has been
{$¢ measured, but numerous features due to impurity species obscured the origins
e Y
Ekf of the lowest quartet state abn and the first excited doublet state alm.
;“,‘-:; | -
;:} Tsuji, Nishiaura, and coworkersz have made an extensive series of low reso-
4 lution observations on the fluorescence from a He/SO2 afterglow and identified
N

the bands A2 (v=0-11) + X2l (v=0-10). This established the origin of the A
state relative to that of the X. Their work has just been extended to longer

3, who

wavelengths and higher resolution by Cossart, Lavendy, and Robbe
reported the first oaservation of emission from sot quartet states. They

observed and rotationally analysed the b“z'(v-O—Z) + a“ﬂ(v-o) progression,

thus establishing the relative energies of the a and b states. They also give
the theoretical and experimental potential energy curves for the lower elec-

tronic states of the SO+ ion.

We observe the photodissociation of so* into ST + 0 over the wavelength
region of 6900 - S750 A. The spectra are highly structured at moderate
resolution and have the rotational structure of a % - %I transition. From
the origin of the b - a system established by photoelectron and emission spectro-
scopy, we can identify the observed bands as b“z‘(v-7-12) - aan(v-l-S). The
kinecic energies measured for the photofragments and the spacing of the bands
yield an absolute measurement of the dissociation energies for the b and a
states and vibrational constants which are valid over an extensive range of
the potentials. It is especially notable that the vibrational constants for
the a %I state obtained from our work differ greatly from those reported by

Cossart et al., due to their apparent misassignment of the weak (v',v'') = (2,2)
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( band. When we reassign this band as the (1,1), the data from Cossart et al.,
o>y photoelectron spectroscopy, and photofragment spectroscopy are accurately
..:&: described by a single set of vibrational constants. This demonstrates the

2 unique advantage of photofragment spectroscopy to identify unambiguously the

.-; upper state in a transition on the basis of its photofragment kinetic energy.
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II. EXPERIMENTAL

The laser-ion coaxial beams photofragment spectrometer used in the
experiment has been described in detail previously.“ The SO" ions were formed
by electron impact (~ 100 eV) dissociative ilonization of 50, gas, accelerated
to 3000 eV, mass selected, and collimated. The fon beam was then merged
coaxially using an electrostatic quadrupole with a cw laser beam over a length
of approximately 60 c&. The fragment ions produced in the interaction region
are separated from the so* ion beam by a second electrostatic quadrupole,
energy selected by a hemispherical electrostatic energy analyser, and detected

on an electron multiplier.

For most of the work reported here, the laser beam was the intracavity
beam of a cw dye laser with a resolution of approximately 2 ca”l. The laser
power, which varied between 10 to 50 watts over the spectral range of 6900 -
5750 A, was monitored by a calibrated photodiode observing the light reflected
from the dye jet. Since the 50 ion beam passed colinearly through the
circulating laser cavity, the ions encountered the opposite Doppler shifts of
the copropagating and counterpropagating electromagnetic waves. Consequently,
each absorption line appears as a doublet in the photofragment spectra with a

separation that varies from 10.7 ca~! at 6900 & to 12.8 ca~! ar 5750 A.

The extracavity beam of a cw ring dye laser was used to investigate two
of the S0 bands at high resolution. Operating single mode, the laser had a
power of approximately 800 oW , a linéwidth of approximately 10 MHz, and a

continuous scanning range of 0.4 cm'l. The effective spectral resolution of

this system, considering the velocity spread of the ion beam, was better than

0.007 cm~l,

Typical SO* fon beam currents of 3 x 10™7 A yielded s* photofragment

count rates of 6000 s’l for the strong peaks in the spectra using the intra-

-‘* »’sJ“Eﬂ.\l‘.'l’“‘"}"l"""{ .\. "\“ .l-:*-‘.-'f:(-.‘.‘ L |
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( cavity dye laser. For comparison, the collision-induced dissociation due to

X % the residual pressure of 5 x 10'9 Torr in the interaction region yielded an st
j count rate of < 50 s~l. Production of St fragments from spontaneous

3 decomposition of so* was unobservably small. Production of OF fragments from

3 any of these processes was not investigated.
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» III. RESULTS AND DISCUSSION

‘7

=~

2!

'f;; A. Observed Spectra

ooX

g-2

a The yield of s* photofragments that are produced with center of mass (CM)
. kinetic energies (W) in the range of approximately 0 - 15 meV as a function of

laser wavelength is shown in Fig. 1. Three strong bands appear in this wave-
length region together with several weaker features., When this wavelength
region is scanned with the energy analyser collecting photofragments produced
with progressively higher kinetic energies (< 80 meV), all three of the strong
bands decrease in intensity, most rapidly at their heads. The uniform
variation in band intensity shows that each of the strong bands observed in
Fig. 1 accesses the same upper state vibrational level. Consequently, the
spacing of these bands represents the vibrational spacing in the lower

electrouic state (i.e. a v' progression).

Predigsoclation from higher v' levels could be observed as the energy
analyser was adjusted to collect S* fragments with still higher CM kinectic
energies. An example of this is shown in Fig. 2 which presents a series of
dye laser scans over a portion of the wavelength region with the energy
analyser set for maximum transmission at W = 0, 14, 28, 94, and 200 meV. It
can be seen that as higher energy fragments are collected, the red bandhead
decreases in intensity until a new bandhead appears in the W = 94 meV spectrum
shifted to the blue by S50 cm™l. Yet another blue-shifted bandhead appears

in the W = 200 meV spectrum,

The decrease in the bandhead intensity as the energy analyser trans-
aission is moved from W = 0 to higher values reflects the fact that progres-
sively higher rotational levels in the lowest predissociating vibrational

level are probed at the higher energies. The appearance of additional

D-6
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bandheads in the W = 95 and 200 meV spectra arises from the energy analyser
passing fragments from the predissociation of the lower rotational levels in
the next two higher vibrational levels of the upper electronic state. 1In
general, v' progressions are observed every 0.l eV increment in W up to W >
1.2 eV. However, at the higher W values, the bandheads become increasingly
less distinct. This arises because the CM energy resolution of the analyser
decreases with W. Above W ~ 0.5 eV, it can no longer distiﬁguish between low
J transitions of one vibrational level and high J transitions of the next

lower v'.

More precise values of the kinetic energy releases in each band are
obtained by scanning the epergy analyz~r at fixed values of the laser
wavelength. Kinetic energy spectra of lines in the lowest predissociated
vibrational level show a minimum kinetic energy release of 2 + 0.5 meV, while
the next higher v' yields a value of Wain = 101 £ 10 meV. Thus, the origin of
the lowest v' must lie at an energy < 0.0025 eV above an s* + 0 dissociation
limic, where the inequality sign {s used because we cannot be certain the very
lowest rotational levels of this v' are predissociated. Secondly, the kinetic
energy spectra indicate that the lowest several predissociated vibrational
levels of the upper electrounic state are spaced by 100 + 10 meV = 806 + 80
-1

cm ° and that predissociation in the upper state extends at least as high as

.

994 meV above the s* + 0 separated atom limit.

B. Assignment of Bands

£ - 148 .
SN X

i The intense bands in the SO% photofragment spectrum bear a strong
o resemblence to the béz‘ + a%l emission bands observed by Cossart et al.3 The
ol
.
Lov potential energy curves of these states are shown in Fig. 3. The photo-
oF ;
ot fragment bands also resemble the bands in the analagous b“zg' - a“ﬁu system of
.
7.
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o
-" D-7
20
. - I U R S e - .. LI a a4 e - m e el e dl

- - R O R T TN e St St S ] PRI e
e T e e g A A T e T



L]
.
L]
N

]
- -

. R
“

%

- .», - -
SRRRRE

LA
A

¥

- aisal o A At £ N S-S e a A £ I S SRV RN AN 3 LA ALY .

02+ whHich has been observed by both emission5 and photofragment6
spectroscopies. The a“n state is expected to be metastable and, therefore,

may be significantly populated in the s0* 1on beam at the time of laser

irradiation.

As a check on the consistency of assigning the photofragment bands to the
aAH > b“z absorption, we can compare the observed transition energies,
intensities, and kinetic energy releases with existing data. The photo-

4

electron spectrum of Dyke et a1.! places the v = 0 level of the b'S state at

.

14.94 £ 0.05 eV relative to SO X3£’(v-0). From the accepted dissociation

7, Doo = 5,359 eV, and the ionization potential8 of

energy of the SO X state
S(3P2), the lowest dissociation limit of SOt is expected at 15.719 eV, hence
0.780 eV above baz—(v-O) (see Fig. 3). The spacings of the v = 0-2 levels of
the b state are known accurately from the emission data and approximate
absolute locations for v = 0-4 are given by the photoelectron spectrum. Since
these levels extend only 0.47 eV above v = 0, we must extrapolate the levels
for the b state into the region of observation. A weighted least-squares fit
to the photoelectron and emission data yields T = 120004.6(9.1) cm'l, we =

972.2(1.4) cm-l, and w,x, = 6.57(0.46) cm-l, where the numbers in parenthesis
gilve one standard deviation uncertainty of the constants. These constants
predict v = 7 of the b state to lie at 15.7370 + 0.06 eV, i.e. 18 meV above
the lowest S* + 0 separated atom limit. To the degree that the locations of
these higher levels can be extrapolated from the known lower levels, which we
will later show is quite adequate, the v = 6 and v = 8 levels are predicted to
lie too far (-91 meV and +126 meV, respectively) from the measured photo-

fragment energy of < 2 meV to be considered as candidates. Consequently, we

identify the first predissociated level of the so* b&z° state as v = 7.

D-8
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I JThe origin of the 34H state is partially obscured in the photoelectron

spectrum by features associated with 0 and 502 impurities. However, the
emission bands of Cossart et al., fix the energy of the v = 0 level of this

45~ state. Consequently,

state with respect to that of the clearly defined b
an absolute vibrational numbering can be assigned to the a®1 features in the
photoelectron spectrum. A weighted least-squares fit to the photoelectron
data yields the vibrational constants: Ty = 108533.9(48.4)_cm‘1, We =
799.8(21.6) cm-l, and WeXe = 5.0(2.2) cm_l. These constants for the a state

yield the absolute lower state quantum numbers of the observed photofragment

bands as shown in Table I and in Fig. 3.

C. Molecular Constants

The spacing of the observed bands and their measured photofragment

kinetic energies are fully consistent with the vibrational coanstants of the

a“ﬁ ard b C” states derived from the photoelectron spectrum1 of SO. However,

the constants can be greatly improved by also incorporating the emission data3
and the photofragment data in a weighted least-squares fit. In the fit, the
photoelectron spectra provide absolute locations for the first five
vibrational levels with an estimated precision of 70 cm'x, the emission data

provide the relative energy differences among the first three vibrational

levels with an estimated accuracy of 2 cm-l, and the photofragment data pro-

vide relative energy differences between v = 7-4, 7-9, and ll-i2 with an
estimated accuracy of 10 cm-l. The photnfragment Jdata furtner provide a

meagsure of the absolute energy of v = 3 (and a limit on the enerdy of v = 7)

when the measured kinetic energy releases >f tne phot* aent s are combined
7 R
with the knr dissociation energy of SO and the {o . 1 poten:xal’ ot
S. The mer .onstants obtained (nr the b state ire ;1.en in Table Il and
D-4
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are valid for the v = 0 - 12 vibrational levels of this state. Higher
constants in the vibrational expansion were found to be not significant. The
Te value obtained from the absolute photoelectron energies and that from the
photofragment kinetic energy releases differed by only 51 cm-1 (0.006 evV).
Since this difference is well within the uncertainties of both sets of

7

measurements, it confirms the currently accepted value’ of the SO dissociation

energy.

A similar merge of the three sets of data was not possible for the a“ﬂ
state. The v = 0 to v = 2 spacing derived from the emission data of Cossart
et al,3 was found to be grossly inconsistant (150 cm-l) with that expected
from the photofragment and photoelectron data. In addition to the three
strong members of the (v',0) progression, Cossart et al. also observed a
fourth, substantially weaker band, which they were unable to rotationally
analyse. They considered that it could be either the (1,1) or the (2,2) band,
but chose to assign it as the (2,2) because it was calculated from Morse
wavefunctions to have a 60% larger Franck-Condon factor and would yield an w

e

for the a state more in agreement with that computed from their ab initio

G

RO potential energy curve. If we reassign the band as the (1,1), the emission
.
;;ﬁ data merges nicely with the photofragment and photoelectron data to yield the
)
) vibrational constants given in Table II. We further find that the Morse
wavefunction Franck-Condon factors generated from the constants in Table II
are nearly equal for the (l,1) and (2,2) bands (0.124 versus 0.147).
The disagreement among the data that arises when the (2,2) band assign-
-, ment is retained is far more serious than would occur if only the measurement
EEE of vibrational spacings were involved. The photoelectron spectrum yields an
;Fﬁ absolute measure of the energies of v = 0, 1, 2, 3, and 4 of the b state
...F relative to SO X(v=0). The rotationally analysed bands of Cossart et al. fix
D-10
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the energy of aaH (v=0) to this same reference. However, the observed
locations of the clearly resolved peaks (correctly) identified in the

photoelectron spectrum as v = 2,3,4, and 6 of the a state are in serious

Ay

L
Fd

disagreement with level locations predicted from the vibrational constants of

P‘
g

Y
a4 a

Cossart et al., but are in full agreement with the level locations predicted
from the constants given in Table II. Consequently, we believe that the
available evidence strongly supports reassigning the weak band observed by

Cogsart et al, in the emission spectrum as the (1,1) band.

The constants for the a state in Table II are valid up to v = }1 in this
state, however it should be cautioned that the only information for v > 4 is
from the photoelectron spectrum. Due to the spin-orbit splitting in the a
state and the lack of a rotational assignment in the photofragment spectra,
the photofragment kinetic energy measurements do not directly establish the
absolute energy scale in the a state. However, the precise measurement of the
energy difference between the b and a states in Cossart et al.'s spectrunm

propagates the accuracy of the b state energies into those of the a state,

thereby yielding a comparable accuracy for the energy of this state.

3
D. Vibrational Population in 34“ State j
1
»
Band intensities for photofragments produced with different values of W :
-
are difficult to measure accurately due to variations in the collection
efficiency of the apparatus arising from the angular distribution of the
photofragments. However, within a single v' progression, all of the photo- ;

fragments are produced with the same values of W. Hence, the relative
intensities of the bands within a progression should depend only on the
relative populations of the absorbing lower state levels and the transition

probability. Table III lists the observed intensities for the (7,v'')

PR b

D=1l

N e e e e e N --\..\ _'.._'--\,-\-\:\'-‘_-.'3?.- 0 Y

- ot e e L m et et PRCIPRCTI S R . . . . AL NS
AR AT S AT A AT R AR AT LR AR A AN S A EPICPUPRAE A WO N A REAC A A e Oy e b 3R



p e

E;ij progression together with the appropriate Franck-Condon factors obtained from
. Morse wavefunctions and the molecular constants of the b and a states listed

L;fb in Table II. In the fourth column of Table III, we have listed the ratios of

AR

Efig the observed intensities to the calculated Franck-Condon factors. These

w4

ratios should be proportional to the relative populations of the abn
vibrational levels at the time they interact with the dye laser, approximately
20 us after their formation by dissociative ionization of SOZ' For
comparison, the relative populations expected for these levels of the a state
when produced by direct ionization of SO are listed in the fifth column. It
can be seen that, in contrast to direct ionization, dissociative ionization of

502 preferentially populates the S0t a state in its lower vibrational levels.

E. Predissociation Mechanism

It is clear from the photofragment wavelength spectra that levels v = 7,

8, 9, 11, and 12 of the b*

Iz~ state are efficiently predissociated. 1In
addition, levels v = 10 and 13 are observed to predissociate in the photo-
fragment kinetic energy spectra. The kinetic energy spectra further reveal
that predissociation extends at least to levels 994 meV above the st +o0
separated atom limit, although the data here are not sufficient to reliably
identify the vibrational levels. Predissociation of the analogous b“zg‘ state

9

in 02+ has been studied in considerable detail by both experiment” and

theory.lo There it was found that the first two vibrational levels of the b

state above the 0+(45°) + 0(3P) separated atom iimit (v = 4,5) are

+
o
R

increasingly important role in the predissociation of higher vibrational

predissociated predominantly by the d“ state, whereas the f“Hg plays an

levels. The case of b state predissociation in so* is expected to be somewhat

simpler, because the lack of homonuclear symmetry allows only a single n
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state, the aAH, to arise from the S+(AS°) + 0(3P) separated atom limit.
Consequently, the 42+ state is the likely candidate for causing the observed
predissociation. Cossart et al.3 have computed the ab initio potential energy
curves of the lower quartet and doublet states in sot. They find that, as in
02+, the repulsive wall of the a2+ state passes through the potential well of

the b state, as required for an efficient predissociation process. Their

calcuated potential energy curve for this state is shown by the dashed curve

in Figure 3.

Spin-orbit coupling of the 4E+ to the b4z' is expected to produce a
characteristic pattern11 of predissociation lifetimes among the rotational and
fine-structure levels of the b state. We investigated the (7,2) and (7,3)
bands using a single-mode dye laser with the objective of measuring the line-
widths of single rotational transtions and, thereby, the lifetime of the
v = 7 level. Approximately 10 c:m-l were investigated within each of these
bands by continuously scanning the dye laser over regions of approximately 0.4
cm-l. No resolvable structure could be discerned in either of the bands.

This apparent lack of structure at high resolution can be combined with the
observation of rotational structure (containing unresolved fine structure) in
the lower (1 cm-l) resolution spectra to place approximate limits on the
predissociation lifetime of the v = 7 level in the b state of between 2.6 x

10711 and 5.0 x 10712 4,

Since rapid predissociation precludes obtaining lifetime measurements for
individual rotational levels in v = 7 of the b state, a definitive identifi-
cation of the predissociating state is not possible for this level. We note,
however, that the magnitude of the predissociation lifetime inferred here for
v = 7 18 very comparable to that measured for the d state contribution to the

predissociation 11fe:1me9 of v = 7 in the b state of 02+. This, coupled with
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the strong similarities between the electronic states of 02+ and SO+, makes it
highly likely that the dominant contribution to predissociation of the so*
542- state near the lowest separated atom limit is from the 42+ arising from

this limit.

The short predissociation lifetime of the b state introduces an
additional complication in that it is not possible to obtain photofragment
kinetic energy spectra for predissociation of a discrete rotational level,
which limits the obtainable resolution in the kinetic energy spectra. The
lowest separated atom limit S*(hso) + 0(3P) is in fact three separated atom
limits due to the fine-structure splitting of the 0(3P) atom. The energy

3P1 - 3P2 and 3P0 - 3P2 are 158 and 227 cm-l, respectively,

splittings of
which are easily resolvable in the kinetic energy spectra of discrete
rotational levels,12 but which might not be detected when the photofragments
are produced from a distribution of rotational levels in the final state. The
42+ state adiabatically correlates to the 3P2 limit, so in the absence of
significant long-range coupling of this state to other electronic states
correlating to the higher energy fine-structure levels, predissociation to
0(3P2) can be expected. This indeed is fouﬂdl}'15 to occur in the

predissociation of the 02+ b state and we assume here that a similar process

occurs in the SO+ ion.
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IV. SUMMARY

We have found that the SO+ ion produced from dissociative ionization of
S0, undergoes photodissociation into st + 0 over the wavelength region of 6900
- 5750 A. The predissociations occur from v = 7 - 13 of the bAE- state.

Higher vibrational levels extending to >15000 cm™ -

above the origin of the b
state also appear to predissociate. The predissociation lifetime of baE-(v=7)
is found to be in the range 5 < t < 26 ps, and is likely due to decay by

42+ +(450) + 0(3P)

spin-orbit coupling with the state arising from the S

separated atom limit.

Electronic absorptions into the b state are observed from v = 1 - 12 of
the a“ﬂ state. The population distribution of the SO+ appears to be nearly
uniform among the lower vibrational levels of this state. The short predis-
sociation lifetime of the b state prevents resolution of the complex
rotational structure of the b - a absorptions. However, the low resolution
spectra of the band envelopes and kinetic energy releases measured for the
photofragments are combined with existing data from photoelectron spectra and
high resolution emission spectra to yield improved vibrational constants for

the b“z‘ state and revised constants for the aaﬂ state.
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TABLE I,

(v', v*)

7,0
(7,2)

(7,3)
(7,5)
(8,2)
(8,3)
(9,4)
(11,7)

(12,8)

a) Weak band partially obscured by another faature

Observed baz'(v') - aAH(v“) Bands

Band Center (cm™})

-a)

16356
15584
14823
17169
16395
16432
15742

15777
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Figure 1.

Figure 2.

Figure 3

-

FIGURE CAPTIONS

Variation in S* photofragment current as a function of the photon
energy of the intracavity dye laser. Only st photofragments
produced with center of mass separation energies in the range W =
0 - 15 meV are monitored here. The four bands labeled A - D are
identified as the (v',v'') = (7,1), (7,2), (7,3), and (7,4) bands
of the sot baz_(v') - aaﬂ(v") system.

variation in s* photofragment current as a function of intracavity
laser photon energy. The energy analyser was adjusted to pass
photofragments with a range of separation energies (W) centered
about the value given in meV for each spectrum. The W = O meV
spectrum corresponds to band B in Fig. 1. It is identified as the
(v',v'') = (7,2) band of the so* baz-(v') - aaﬂ(v") system. The
(8,3) and (9,4) bands of this system appear in the W = 96 meV and
W = 200 meV spectra.

Lowest energy quartet states of so*. The potential energy curves
of the aaﬂ and b‘t' states and their vibrational level energies
are generated from the Morse potential function using the
constants listed in Table II. Solid horizontal lines denote
vibrational levels observed either by emission (Ref. 3) or
photofragment spectroscopy (present work). Levels denoted by
dashed lines have been observed only by photoelectron spectroscopy
(Ref. 1) and dotted lines represent the unobserved vibrational
levels in these states. The dashed curve is the theoretical
potential energy curve of the 142+ state given in Ref. 3. The
solid vertical lines represent the absorption bands observed in
the present work.
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