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X22+g and the a3Hu were produced since these states do not correlate to the electronic states of
C, H which are initially excited. This lead us to the conclusion that non-adiabatic transitions must

be occurring as the molecule dissociates. Corznetary observations near the nucleus of a comet
should reflect the initial distribution of the X“X" 1f they are produced by the photolysis of C,H.

Recent observations of Comet Hyakutake may have confirmed this proposition.
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- The principle goal of our research was to understand the formation of free radicals in
comets. To do this we compared laboratory results with cometary observations in attempt to make
sure that the cometary observations agree with what is known about the photochemistry of the
proposed parent molecule. Initially we concentrated on the CS emission in an effort to show that
the parent of this molecule was CS,,. From the cometary observations we knew that the parent of

CS had a very short photochemical lifetime. Two possible parents of the CS radical were COS
and CS,,. Of the two possible parents the CS, molecules has the shortest photochemical lifetime

which is consistent with the cometary observations. We also analyzed the rotational profile of the
high resolution cometary spectra to determine if it retained any memory of its formation. The
proposition was that the CS radical is produced with such a short scale length it might show a
rotational distribution that reflects the original distribution the radical is formed with. The
laboratory work shows CS radicals are vibrationally and rotationally excited when they are
produced photochemically. If the CS radicals are excited by a solar photon before they can be
quenched then there is a chance that the cometary distribution might reflect this. Rotational
analysis of the cometary spectrum showed that it could not be fit with one Boltzmann
temperature and that the rotational profile required at least two different rotational distributions.
This work shows that although collisions and radiation tend to cool the CS radicals in the inner
coma, the radicals do retain some memory of the initial populations. :

We then started to look into the problem of C2 formation in comets. Some time ago we

had postulated that the following mechanism could explain the origin of C, in comets.

C2H2 + hv — C2H + H ¢))

C2H + hv — C2 + H 2)
Thus in comets it takes two solar photons to produce the C, radical. We set out to to see if we
could measure all of the nascent distributions of the C, products in the hope that they would be a

characteristic signature of the formation process. It is difficult to exactly simulate the conditions
in comets in the laboratory. Rather than do this we wanted to understand the photochemistry of
the intermediate since the C, in comets will be characteristic of this photochemistry. The C, H

radical should be in it’s lowest vibrational and rotational state in comets because it has a
permanent dipole and it will radiatively relax to this state. Laboratory studies are further
complicated because the C,H is unstable and it must be produced while the study is going on.

The photochemistry of acetylene at 193 nm was used to produce the C2H which were then
photolyzed by light from the same laser. Vibrationally hot C2H radicals are produced in the

laboratory and absorption of the second 193 nm photon allows us to scan several excited
electronic levels that will be photochemically active in comets.

Using this method we were able to show that C, in the following electronic states are

produced X22+g, AIHU, a31'Iu, BlAg, and the B 12+g. We were rather surprised to find that the '

1
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A Comparison of the High Resolution IUE observations of CS

emission in Comets Halley and Giacobini-Zinner

William M. Jackson!*, and M. G. Prisant?

1Chemistry Department, University of California, Davis, Ca. 95616

2Chemistry Department, University of California, Berkeley, Ca. 94720

Abstract

The high resolution spectra of comets Giacobini-Zinner and Halley have been meas-
ured in the region of the CS emission. Both spectra have es;scntially the same shape, but
the Halley spectrum has a better signal to noise ratio. Atiempts have been made to obtain
the rotational distribution of the radical in these comets by using an inversion program and

4

spectral simulation. Both prc suggest that the rotational distibution is dominated

by CS radicals with J" £ 5. Despite this it appears that another distribution with higher J™'s

d

is necded to explain the shape of the rotational distribution. Arguments are p

which suggest that this second distribution is due to a balance between collisions and

radiation in the inner coma.

Introduction

The CS molecule occupies a unique position in comets. It is the only molecule,
which is consistently observed in the spectra of comets that has a short scale length in the
coma [1,2,3,4]. Because of this we have speculated that it's spectral signature can be a
monitor of the local conditions in this region of the coma. The scale length has been shown
to be about 600 km [4] which is still in a region where collisions could affect the rotational
populations of the CS radicals. To evaluate this idea a model is needed which would allow
one to match the observed high resolution spectra with thcorgical profiles. Earliera very
simple model was uscd that assumed the rotational distribution of the CS radical could be
described by a Boltzmana distribution {3]. This amounts to assuming that the CS rotational
distribution is a thermometer for the collision region. Subsequently more theoretical
analysis and laboratory work {5] has suggested that a more sophisticated model is needed.
In particular a model is required that could extract the rotational distribution from the
observed spectra, which could then be compared with the expected distributions based
upon a molecular model. Recently Prisant and Zare [6] have described an inversion proce-
dure that can be used to obtain the rotational distribution from an observed spectra. In this

paper this method will be adapted to analyze high resolution spectra obtained in IUE

*Guest observer with the ntemational Ultravjolet Explorer Satellite observatory

observations of Comets Giacobini-Zinner during the ICE encounter and Halley's comet on
December 25 and 26, 1985. Various simulation procedures have also been used and will
be compared with the inversion procedure. The extracted rotational distributions are then

discussed in terms of what should be expected from a molecular model.

Qbservations

Bogess [7] has previously described the TUE instrumentation and only the observa-
tional details and the results will be given in this section. The CS portion of the high
resolution spectra which was obtained with the LWP camera during observations of comets
Giacobini-Zinner and Halley are shown in Figs. 1 and 2, respectively. The wavelength ’
scale is from the TUE guest observer tape and has not been corrected for the relative motion
of the comet and the telescope. A 390 min exposure was used for the Giacobini-Zinner
(LWP.6694) spectrum, obtained on 30 August 1985, while 2 720 min exposure was used
for the Halley spectrum (LWP 7383) observed on the 25 and 26 of December, 1985, The
data is presented as is, with no smoothing and the signai to noise ratio is estimated to be

12/1 for Giacobini-Zinner and 33/1 for Hatley. The noise was estimated from the negative
excursion peaks in the spectra in the region where there should not be any CS rotational
lines. The CS spectra was observed in two different orders in both spectra but in this paper
only the order that occurs ncar the center of the camera will be discussed. The IUE
instrumental bandwidth is quoled‘(o be 0.2 A for a point source and 0.8 A for an extended
source. This is varied in the analysis because the images of these comets completely fill the

slit. The true resolution is somewhere between these valucs.

Theory

The high resolution cmission spectrum of both comets obtained from [UE should
contain information about the local condition in the inner coma. The production scale
lengths of CS had previously been shown to be less than [3,4] 1000 km. Thus this species
is formed in the inner coma and may be a probe of this region. The rotational distribution
of the CS radical in this region could possibly monitor the local conditions of the inner
coma. To determine whether this is the case it is necessary to sce if the observed spectra
can be fitted with models that require collisions.

There are several approaches that can be taken to match the observed spectra with a
model spectra. Earlicr work [3] had calculated the high resolution spectra assuming that the
rotational distribution could be fitted with a Boltzmann distribution of rotational levels. In
the present work that approach will be uscd as well as the inversion method [6] which has

been developed for inverting the distribution from the observed spectra.

Proc. 20th ESLAB Symposium on the Exploration of Halley 's Comet, Heidelberg, 27—31 October 1986, ESA SP-250 (December 1986)
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Fig. 1 The CS region of the LWP6694 Giacobini-Zinner spectrum. This is a 390 min exposure and the data is as it is provided to the

guest observer on tape. It was extracted from the tape image using ANA software supplied by Gibor Basir.
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Fig. 2 The same spectral region for comet Halley, but this is a 720 min exposure. The data were taken on 12/25 and 12/26, 1985.
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In the analysis it will be assumed that the CS radical is produced by photodissocia-
tion of CSy. Ample evidence has been presented that suggest that this is the most likely
source of CS [4]. Photodissociation of CS4 is known to fead to the production of highly
vibrationally and rotationally excited CS radicals {5). The radicals appear to be formed
with internal energy up to the thermodynamic limit, so that at 193 nm they can be formed
with up to 12 quanta of vibrational encrgy and with substantial amounts of rotational
energy. Once the radicals arc formed i in the cometary environment it is unlikely that they
will survive in these highly excited vibrational levels. The natural radiative lifetime for 2
CS radical radiating in the infrared region via the following process,

CS(v) —— CS(v"-1) + hv (4)]

is of the order of a few milliseconds. This is much smaller than the solar excitation ratc and
the collision rate, so that it is unlikely that vibrationally excited radicals will survive long
enough 10 be electronically excited and detected. Similar considerations for the highly ex-
cited rotational levels lead to the same conclusion for the upper rotational levels, with large
spacings. The exact number of rotational levels that will have to be considered will depend
upon radiative relaxation time and the collision time between the CS radica! and the gas in
the coma.

With the above considerations in mind a model can be developed to try to match the
observed high resolution spectra. The overall process can be described by the following
series of reactions,

CS(XIZv"J") + hy — CS(AMLY.S) )
CCS(AITLV.I) — s CS(XIZ V") +ho )]
First, label all of the initial levels of CS(X1Y) with the index i, the intermediate levels of
CS(AHT) with the index j, and the final levels of CS(X1T) with the index k. The levels i
are the populated levels in the coma, the levels j are the levels that are optically populated by
absorption of solar radiation, and the levels k are the levels that are optically coupled by

emission from j. Itis this latter emission that is measured by the IUE telescope.

The emission intensity, ljk(l‘). from a given j level toa k level at wavelength &, is
proportional to, ’

Ijko‘i) = XjkN ;S jk“3 jk@o‘j\(‘)"l) (4)

where, ¢(). -Ap is the instrument funcnon of the telescope, Vjk is the frequency of the
transition between the j and the k levels, Sj is the natural line strength, l’k is the Doppler
shifted wansition wavelength, and Nj is the population of the intermediate level j. The
natural line strength is given by,

S = 2y itZiSik (&)

in which gy~ is the Franck-Condon factor, j1 is the transition dipole, and S is the rotational
line strength. The sum in the intensity function is over all optically coupled levels in emis-
sion and absorption. .

The population of the imcrmccﬁatc level j can be determined from the following
relationship, '

Nj= NS00y ©®

where, O(vy) is the intensity of the solar radiation at the Doppler shifted ai;sorplion fre-
quency v;; and all of the other symbols arc the same. The equation for the emitted light

intensity I can now be rewritten as,
1) = ZiNi(E 8505030000k ) @)

The light intensity ata given line is linearly dependent upon the population of the initial
states responsible for that line. If the instrument function is such that all of the lines are re-

solved then the population of the initial rc

| levels are pletely defined. In fact
since there are three branches, the P,Q, and R branches, we have more equations than ua-

knowns.

R A RE RN R Pt AN IR N S TR NS o >

N HALLEY AND N EO BTN ZINRER

The above equation can be written in matrix form as follows,
1I=MN 8
In this cquation the IisaL dimensional column vector with L. being the number of points
measured in the spectrum, and N is an [ dimensional column vector with 1 being the num-

ber of ground state rovibrational levels.

The rotational levels can be further parameterized, in terms of Jax where Jpax iS

defined by Emax = BJ"max (" max + 1)- Letus define a new variable X, where,

X=-14+QWmo (&)
The population for a given X, P(X), can be expanded in a Legendre Series, 50 that
N(X) = ZqPo(¥)2q (10)
where, 3q = (Pl Py = |iPgPdX _an
with 1P =8 (12)
The ag arc the moments of the distribution.
lhcfcforc,
I = Tq2qZiPo XD ZjcSiiS jk\)iju3jk0(u~,j)¢(kﬁ-ll) (13)
since,
L =qM (14)
50, .
Mg = TiPgX0SiS 00O
(15)
and,

= (Ag) (16)
The aq are the moments of the distribution and may be independently extracted from the

least-square's analysis of the spectrum [8].

Results and Discussion

A careful comparison of Figs. 1 and 2 suggest that the two spectra were identical
except for the signal to noise ratio. Because of this, it was decided to only analyze the
Halley comet spectra since it has a much better signal to noise ratio.

" A synthetic spectra was first derived assuming various Boltzmann temperatures.
Some of the results of this simulation procedure are shown in Fig. 3, along with the Halley
comet spectra for comparison. The 29 K spectrum has the right width but it has two
distinct peaks corresponding 0 the R branch and the overlapping P and Q branches. The
resolution of the JUE instrument is not high enough to resolve these latter two branches.
The 7 K spectrum has the nghs shape, but it is too narrow 10 match the spectrum that is
observed. Increasing the température does not improve the match because the two peaks
remain and eventually become too wide.

A simulated spectra was them computed using a uniform Ai;vibuﬁon, such that,
P(J";) = PU") for all I and 3" < J"max» and is equal to zero outside of this range.
These results are shown in Fig. 4, which show that the shape is better fitted with a
distribution that only cmploys levels with low J. The spectra calculated from distributions
with higher J's have too many peaks and eventually become too wide.

Fig. S shows, a better shape can be abtained by employing a rotational distribution
function that monotenically decreases from J" =010 J" =5, with a slope of one. The
width of the simulated spectrum, however, is still too narrow.

Several bimodal distributions have been tried. The best fit that we have been able to
obtain thus far with a bimodal distribution is given in Fig. 6. This calculated spectrum is
wider than the spectra obtained with a single distribution and has the correct shape. Itis
still, however, not as wide as the observed spectrum.

Several spectral inversions were attempted using the theory that was described

carlier. All of them gave results similar to those shown in Fig. 6, which looks very much

like some of the results d by direct simulation. in this case it has the undesirable

properties that both the width and shape are in poor agreement with the observed spectum.

RO
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The inversion which was previously described trics to obtain a match by fitting J” rather

than the rotational encrgy. It is now thought that it would be better (to fit the rotational

energy) b the simulation pre uggest that only a few J” levels are involved.

The poor fit with the observations is not the only reason that the present inversion is
unsatisfactory. The inversion procedure should yicld the average populations, <P(J")>, in
several rotational levels as well as the error in those cstimates. The average populations
<P(0) + P(1)>, <P(2) + P(3)>, and <P(4) + P(5)> were found to be —4.89 £ 1.8, 197
0.61, and 0.86 £ 0.2, respectively. Thus, the inversions yield a negative population for
the average of the J* = 0 and 1 levels. This is obviously physically unrealistic. The error
in the populations are also unacceptably large. These preliminary results suggest, inversion
procedure needs to be done as a global fit in encrgy rather than in J* populations.

The inversion procedure will only give a good fit if a correct functional form is
assumed for the distributions. Which is why the simulations arc important so that onc can
obtain 2 feel for the correct functional form. Once a good functional form is determined,
the inversion procedure can be used to yield a quantitative measure of the parameters that
give the best fit.

From all of the simulations done thus far, it is clear that the low J" levels are the
principal contributors to the observed Halley spectrum. This can be explained by

dering the istic times for electronic excitation, rotational radiative relaxation,

and collisional process. These times arc collected in Table 1. The average CS radical will
be produced 600 s after the CSy radical has been released from the nucleus. It will then take
an average of 1400 s before it will be excited by a solar photon. Experimental evidence({5{
is available which shows that the CS radicals are bom with up to 12 quanta of vibrational
energy and 100 quanta of rotationat energy. The vibrational energy is unimportant in
determining the observed line profiles because excited vibrational levels will radiate in time
of the order of milliscconds. A similar argument can be made for the upper rotational levels
of CS, which according to the theoretical formula given in Table 1, will have short radiative
lifetimes. At 500 km the time between collisions is 14 s, so that all of the CS radicals in
rotational levels with J* above 24 will have radiated before the molecule has had a chance to
collide. The CS radicals that now all have J" < 24, will then undergo approximately 200
collisions before it can be electronically excited. This collision rate has been calculated
using a spherical modet for fluid flow in the coma [11] and a production rate for water in
Halley of 5 x 1029 s°1.If collisions have unit efficiency for rotational relaxation, then all of
the CS radicals will end up in J* = 0 becausc 24 levels are excited. Itis clear that this is not
the case, since the observed spectrurn cannot be fitted with such a model. This mc?ns that
collisions with H,0 do not have a unit efficiency for relaxing the rotationally excited CS
radical.

The efficiency for rotationally quenching the CS radical by water \:vill probably
depend upon the energy difference between the rotational levels of wa(er”;cccp(ing the
energy and the CS molecules giving up the energy. The greater the energy gap between the
H,0 molecules and the CS radical, the lower the probability {12} that the radical can be
deexcited by collisions with H,O. The energy difference for CS radicals in the J" = 24 and
3" =23 levels is 39.4 cm'! which is 3.0 cm-! below the lowest rotational level of water, the
1y¢ level. The probability for deactivation by collision will be higher for this level than for
the lower rotational levels. This probability should also decrease exponentially as the
energy difference increases.

Collisions could also rotationally excite the CS molecule by T to R transfer. The
translational temperature of the gas should be of the order of 200 to 300 K. This
corresponds to energies of the order of 147 t0 220 cm-! and collisions could then excite the
CS radicals to higher rotational energy levels. The efficiency of excitation versus
deexcitation by radiative retaxation will depend upon the competition between the two
processcs. '

The apove discussion suggests that collisions will not be completely effective in

quenching the rotationally excited CS radicals in the first 2500 s before the radical is

TABLE 1

Some Characteristic Times for Elementary Processes involving CS in
Comets at 1 AU

Process Time(s) Reference
Elecwonic Excitation 1,400 -3
Rotational Radiative Rel 1.9x105/(")3 9,107

forJ*=5 1500

forJ"=4 2970
Time between Collisions 5.7x10-15(r)2 11

for r=500 km 14

for r= 1900 km 206

for r=5000 km 1425
Photochemical Production 600 4

K The lifetime was calculated using the dipole moment of Reference 9 and the method of
Reference 10.

excited. The spectrum obtained from radicals that have been newly created will be
superimposed upon a spectrum of radicals that have undergone multiple excitations in the
collisionless regime. This suggests that a bimodal rotational distribution is needed to fit the
observed spectrum. One of the main results of our modelling so far has been that there is
no one single rotational distribution that will fit the observed spectrum. As Fig. 6 shows,
the bimodal rotational distribution gives a better overall fit than a single distribution. It
remains to be determined just what kind of bimodal distribution should be used.

The simulations and inversions have all been done with spectral intensities of the
central solar region given in Kohl, Parkinson, and Kurucz [13]. These spectra were
averaged over 0.005 nm bins. In future work, the averaged solar disk spccx:rum.A‘Hcam
et al. {14] will be used. It is expected that this will make the rotational profile more

sensitive to the radial velocity of the comet but should ot produce the broader profiles.
Acknowledgments

Witliam M. Jackson would like to thank Gibor Basir for the ANA program and all
of his help in using it. He would also like to thank P. Butterworth for his aid in this

project. This work was supported by NASA under grant NAGW-446 and NAGW-903.

References

1. W.M. Jackson, J. Rahe, B. Donn, A. M. Smith, H. U. Keller, P. Benvenutti,
A. H. Delsemme, and T, Owen, Astron. Astrophys., 73, L7 (1978).

2. P. D. Feldman, H. A. Weaver, M. C. Festou, M. F. A'Heam, W. M. Jackson,
B. Donn, J. Rahe, A. M. Smith, P. Beavenutti, Nature, 286, 132 (1980).

3. W. M. Jackson, J. B. Halpern, P. D. Feldman, and J. Rahe, Astron. Astrophys.,
107, 385 (1982).

4. W. M. Jackson, P. S. Butterworth, and D. Ballard, Ap. J., 304, 515 (1986).

S.  V.R.McCrary, R. Lu, D. Zakheim, J. A. Russell, J. B. Halpemn, and W. M,

Jacksan, J. Phys. Chem., 83, 3481 (1985).

M. G. Prisant and R. N. Zare, J. Chem. Phys., 83, 5458 (1985).

A. Boggess, Nature, 275, 377 (1972).

M. G. Prisant and R. D. Levine, unpublished.

0 e N

G. Winnewisser and R, L. Cook, J. Molec. Spect., 28, 266 (1968).

]




[P

e R N A A SR AN

o T 4

A

W. A. Guillory, An Introduction to Molecular Structure and
Spectroscopy, Allyn and Bacon, Boston, 33 (1977).

W. M. Jackson and B. Donn, Nature et Origine des Cometes, Mémoires de
La Socicte Royale des Science, V Series, Vol XII, 133 (1966).

J. T. Yardley, Introduction to Molecular Energy Transfer, Academic
Press, New York, 108 (1980).

3. L. Kohl, W. H. Parkinson, and R. L. Kurucz, Center and Limb Solar

Sputrum in High Spectral Resoluion 225.2 nm to 319.6 am,
Harvard-Smithsonian Center for Astrophysics, Harvard University Press,
Cambridge, Mass. (1978).

M. F. A'Heam, J. T. Ohlmacher, and D. G. Schleicher, A High Resolution
Solar Atlas for Fluorescence Calcutations, University of Maryland

Technical Report, Tr Ap83-044, (1983).

LR AN T N I UGN e i
1UE OBSE::?{‘VKH‘EBs"?()E&‘S’*’E“Wﬁjss,ioxa%mmmaw; RN

o~

SARASINMRUNBAR AU RSN RS S s
1

i



IUE observations of Comet Halley: Evolution of the

ultraviolet spectrum between September 1985 and July 1986

P. D. Feldman, M. C. Festou, * M. F. AHearn,g* C. Arplgny, P. S. Butter—
worth®" C. B. Cosmovici®* A. C. Danks, R. Gllmozm, W. M Jackson, L. A.
McFadden,3 P. Patrlarchl,lo D G. Schlelcher,11 G. P. Tozz1 M. K. WalllS,12
H. A. Weawer,1 T. N. Woods'

1Johns Hopkins University, Baltimore, Maryland 21218, USA
Observatmre de Besangon, 25000 Besangon, France
Un1vers1ty of Maryland, College Park, Maryland 20742, USA
Instxtut d’Astrophysique de Liége, B-4200 Ligge, Belglum
NASA/ Goddard Space Flight Center, Greenbelt, Maryland 20771, USA
IFSI—CNR 00044 Frascati, Italy
F lorida Internatlonal University, Miami, Florida 33199, USA
IUE Tracking Station, ESA /Vilspa, 28080 Madrid, Spain
Umvers1ty of California, Davis, California 95616, USA
Osserva,torlo Astrofisico di Arcetri, 50125 Firenze, Italy
Lowell Observatory, Flagstaff, Arizona 86001, USA
Un1vers1ty College, Cardiff CF1 1XL, UK
Space Telescope Science Institute, Baltimore, Maryland 21218, USA

To be published in Astronomy and Astrophysics, Main Journal, Proceedings of the
ESLAB symposium The Ezploration of Halley’s Comet, Heldelberg, FRG, 27-31
October 1986.

%
Guest Observer with the International Ultraviolet Explorer satellite observatory.

8 April 1987



Summary

The ultraviolet spectrum of comet P/Halley (1982 i) was monitored with the
jnternatz'onal Ultraviolet Explorer (IUE) satellite observatory between 12 Sep-
tember 1985 and 8 July 1986 (r < 2.6 AU pre- and post-perihelion) at regular
time intervals except for a two-month period around the time of perihelion. A
complete characterization of the UV spectrum of the comet was obtained which
allows us to derive coma abundances and to study the light emission mechanisms
of the observed species. IUE observations at the time of the Gtotto encounter pro-
vide a unique opportunity to compare the in situ measurements with remote
observations of the principal coma species. The Fine Error Sensor (FES) camera,
of the IUE was used to photometrically investigate ‘the coma brightness variation
on time scales of the order of hours. Spectroscopic observations as well as FES
measurements show that the activity of the nucleus was highly variable, particu-
larly at the end of December 1985 and during March and April 1986. The pro-
duction rates of OH, CS and dust are derived for the entire period of the observa-
tions. The total water loss rate for this period is estimated to be 3 x 10° metric

tons.

Keywords: comet Halley, spectroscépy, ultraviolet



1. Introduction

The IUE was used in an extensive joint U.S.-European program to monitor
the spectral characteristics and evolution of comet Halley between September 1985
and July 1986, corresponding to heliocentric distance r < 2.6 AU both pre- and
post-perihelion. Observations, from both Goddard Space Flight Center and
Vilspa, were made at regular intervals during this period except between January
1 and March 8, 1986 when the solar elongation angle of the comet was too small.
A special observing technique, develoi)ed by the GSFC IUE staff, made possible

the almost daily observations during the week of the  Vega-2 and Giotto

encounters.

An unexpected benefit of the IUE program was the use of the Fine Error Sen-
sor (FES) as a photometric monitor over relatively long time periods of short-term
fluctuations in cometary activity. Large amplitude variations in brightness (in the‘
18 arc-seconds square central region of the coma) were particularly evident the
last week of December 1985 and throughout March and April 1986. These varia-
tions are attributed to a combination of nucleus rotation and outburst of indivi-
dual jets or active areas on the surface of the nucleus. Contiguous observing
shifts have made it possible to study the behavior of the UV emissions during

several periods of outburst activity.

This report presents a summary of the observations made through July 1986
and a preliminary analysis of the long-term evolution of the gaseous coma of
P/Halley. The highlights of the observations made during the spacecraft

encounters have been presented by Festou et al. (1986). In this regard it is worth
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noting the excellent agreement obtained between the water production rate based
on IUE measurements of OH emission and the vectérial model of Festou (1981)
and that based on the in sifu neutral mass spectrometer data from Giotto (Kran-
kowsky et al., 1986). The in situ measurements also showed the validity of the
inverse square distribution and radial outflow velocity (0.9 + 0.2 km ’s'l) of the
H,O parent molecules‘used in the coma models, even though some question

remains concerning the value of the photodestruction lifetime of HpO.

2. Spectroscopy

The first spectrum of comet Halley ever recorded from space, a long
wavelength three-hour exposure taken on 12.0 September 1985, is shown in Figure
1. The OH (0,0) band at 3085 A is readily‘ apparent, indicating a significant HyO
production rate already at 2.59 AU. Typical of the period following perihelion is
the exposure from 11 March 1986, shown in Figure 2, which displays all of the
known neutral cometary enhssion features in this spectral range as well as a very
strong component of sunlight reflected by particulate grains in the coma. Com-
parison with the measured solar spectrum (Mount and Rottman, 1981), shown as
the dotted curve in Figure 2, indicates that the reflected spectrum is more
reddened (7% per 100 A) than that of more distant, dusty comets observed previ-
ously by the JUE (Feldman and A’Hearn, 1985). The source of the reddening
remains uncertain and is contrary to the behavior expected from the large popula-
tion of small grains detected by the in situ dust experiments. The strong solar
component tends to mask the emission from the CO;" doublet near 2890 A. How-

- ever, when a properly reddened solar spectrum is subtracted from a spectrum such
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as in Figure 2, the resultant CO4" emission suggests an abundance relative to OH
comparable to that found in other comets (Festéu, Feldman and Weaver, 1982).
The absence of detectable CO™ First Negative band emission near 2200 A prob-
ably results from a combination of lower fluorescence efficiency for these transi-
tions (relative to the vblue Comet Tail bands) (Magnani and A’Hearn, 1986) and

the poor sensitivity of the LWP camera in this spectral range.

As with the long—wavelength spectra, the short-wavelength spectrum (Figure 7
3) does not show any previously undetected cometary emission features. In fact,
the apparent weakness of O I, C I and S I, relative to those emissions in the spec-
trum of comet Bradfield (1979 X) (Weaver et al., 1981), may reflect lower fluores-
cence efficiencies and photodissociation rates due to the lower solar UV fluxes

characteristic of solar minimum as compared with 1980 which was the year of

solar maximum.

3. Variability

Visible light photometric monitoring of P /Halley was accomplished by using
the Fine Error Sensor (FES) camera of the JUE (normally used for target acquisi-
tion and tracking) as a broad—band (4000 - 6500 A) photometer. In this mode,
the FES samples a region approx—imately 18 arc-seconds square around the center
of brightness of the comet. These observations are made automatically as the
IUE tracking of the moving comet is verified at intervals of ~30 to 60 minutes.
The short-term variability of comet Halley can be seen in Figures 4 and 5 which

show the FES data for December 1985 and March-April 1986, respectively. The
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FES responds to a mixture of gas and dust emission and a comparison with the
ultraviolet Spectra (taken at much less frequent in‘ter.vals) indicates that both the
uv continﬁum and the CS emission follow the changes in cometary activity more
rapidly than does the OH emission, which arises from a parent molecule whose
lifetime is about 1 day (McFadden et al., 1987). Amongst many apparent tran-
sient events seen in Figure 5, a sharp outburst on 18-19 March was found to be
correlated with CO," emission observed by IUE 150,000 km tailward from the
nucleus duri‘ng the outburst and with ground-based observations of a large
detached CO* cloud on 20 March 1986 (Feldrnan et al., 1986). Otherwise, the
variations in Eig. 5 are found to closely follow the 7.4-day period light curve
derived from ground-based photometry by Millis and Schleicher (1986). However,
it should be noted that IUE observations made after April did not show any

significant variation in the FES count rate during an 8-hour observing shift.

4, Production Rates

One of the principal goals of the IUE Halley program was the determination
of the variation of gas pvroduction rate with heliocentric distance both before and
after perihélion. The derivation of this rate from the observed surface brightness
is generally achieved with the use of steady-state, spherically symmetric models.
Although the validity of these assumptions is clearly questionable in light of both
in sity and remote observations of P /Halley, they provide the only means of inter-
comparing observations made over a large range of heliocentric and geocentric dis-
tances. However, as noted above, the preliminary results from the Giotto neutral

mass spectrometer experiment (Krankowsky et al, 1986) confirmed two of the

0
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basic assumptions of the models, the radial outflow veldcity and the inverse
square density distribution of the parent molecules. For the present, only the pro-
~duction rates of the parents of OH and CS are considered. For the grains, the
production rate can be related to the quantity Afp, the product of albedo, filling
factor and aperture radius (A’Hearn et al, 1984). The vectorial model (Festou,

1981) and OH fluorescence efficiencies of Schleicher (1983) are used to derive Qo
2

while ch’ assumed to be equal to the production rate of its short-lived parent, |

CS, (Jackson, Butterworth and Ballard, 1986), is derived from a Haser model and
the assumption of a heliocentric velocity independent fluorescence efficiency. For
the parent molecules, the outflow velocity was taken to be 1 km s™', while the pho-
todissociation lifetimes of both H,O and OH were taken from Festou (1981). The
use of a shorter HyO scale length, as suggested by Krankowsky et al. (1986) would
yield values of Q about 60% of those shown in Figure 6. In all three cases, the
emissions are assumed to be optically thin. While this is not exactly so for the
strongest lines of the OH (0,0) band used in the analysis, the effect. of resonance

re-radiation on the derived production rates is estimated to be negligible.

The results, shown in‘Figures 6-8, are soinewhat surprising. Both the CS
and the dust show larger short-term fluctuations with comet variability than does
OH, but also exhibit a uniform decrease in production rate to larger heliocentric
distance. The HyO production rate, on the other hand, while increasing dramati-
cally between 2 and 3 AU pre-perihelion, and then more gradually to 1 AU, did
not begin to decrease appreciably until the comet was approaching 2 AU post-

perihélion. This behavior suggests that in P/Halley the CS and dust production
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are not totally controlled by the water vaporization, a conclusion already reached
for two other comets previously observed by IUE, IRAS-Araki-Alcock (1983 VII)

(Feldman, A’Hearn and Millis, 1984) and P/Encke (A'Hearn et al., 1985).

Finally, we note that the water production rates shown in Figure 6 can be
integrated over the entire period from September 1985 through the beginning of
July 1986 to estimate the total amount of water lost by P/Halley during this
apparition. For the period around perihelion when there are no IUF observations,
a constant value of Q =1 x 103(_) molecules s is used. This value is consistent
with the H I Lyman-a observations made by the ultraviolet spectrometer on
Pioneer Venus Orbiter during this period (Stewart; 1987). The total HyO lost,

estimated this way, is 3 x 10® tons.

5. Conclusion

The IUE observations of comet Halley provide a unique source of information
about the composition, evolution, and short-term behavior of the cometary coma,
and establish a context for the inter-comparison of the ¢n situ encounter snapshots

of Halley and the large body of Earth-based observations of the comet.
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FIGURE CAPTIONS

Figure 1. Long-wavelength spectrum of P/Halley (LWP 6720) obtained on 12

September 1985. The exposure time was 180 minutes.

Figure 2. A long wavelength 15 minute exposure of P/Halley (LWP 7773)

obtained on 11 March 1986.

Figure 3. Short-wavelength spectrum of P/Halley (SWP 27884) obtained on 9

March 1986. The exposure time was 45 minutes.

Figure 4. FES photometry for December 1985.

Figure 5. FES photometry for March and April 1986. The times of the Vega-2

and Giotto encounters are indicated.

Figure 6. Water production rate for comet Halley as a function of heliocentric

distance as derived from IUFE observations of OH.
Figure 7. Dust production rate variability as a function of heliocentric distance.

Figure 8. Production rate of CS as a function of heliocentric distance.
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A Comparison of the High Resolution IUE observations of CS

emission in Comets Halley and Giacobini-Zinner

William M, Jackson!*, and M. G. Prisant?

1Chemistry Department, University of California, Davis, Ca. 95616

2Chemistry Department, University of California, Berkeley, Ca. 94720

Abstract

The high resolution spectra of comets Giacobini-Zinner and Halley have been meas-
ured in the region of the CS emission. Both spectra have essentially the same shape, but
the Halley spectrum has a better signal to noise ratio. Attempts have been made to obtain
the rotational distribution of the radical in these comets by using an inversion program and
spectral simulation. Both procedures suggest that the rotational distribution is dominated
by CS radicals with J" £ 5. Despite this it appears that another distribution with higher I''s
is needed to explain the shape of the rotational distribution. Arguments are pres.emed
which suggest that this second distribution is due to a balance between collisions and

radiation in the inner coma.

Introduction

The CS molecule occupies a unique position in comets. It is the only molecule,
which is consistently observed in the spectra of comets that has a short scale length in the
coma [1,2,3,4]. Because of this we have speculated that it's spectral signature can be a
monitor of the local conditions in this region of the coma. The scale length has been shown
to be about 600 km [4] which is still in a region where collisions could affect the rotational
populations of the CS radicals. To evaluate this idea a model is needed which would allow
one to match the observed high resolution spectra with theoretical profiles. Earlier a very
simple model was used that assumed the rotational distribution of the CS radical could be
described by a Boltzmann distribution {3}. This amounts to assuming that the CS rotational
distribution is a thermometer for the collision region. Subsequently more theoretical
analysis and laboratory work [5] has suggested that a more sophisticated model is needed.
In particular a2 model is required that could extract the rotational distribution from the
observed spectra, which could then be compared with the expected distributions based
upon a molecular model. Recently Prisant and Zare [6] have described an inversion proce-
dure that can be used to obtain the rotational distribution from an observed spectra. In this

paper this method will be adapted to analyze high resolution spectra obtained in {UE

*Guest observer with the International Ultraviolet Explorer Satellite observatory

observations of Comets Giacobini-Zinner during the ICE encounter and Halley's comet on
December 25 and 26, 1985. Various simulation procedures have also been used and will
be compared with the inversion procedure. The extracted rotational distributions are then

discussed in terms of what should be expected from a molecular model.

Observations

Bogess [7] has previously described the IUE instrumentation and only the observa-
tional details and the results will be given in this section. The CS portion of the high
resolution spectra which was obtained with the LWP camera during observations of comets
Giacobini-Zinner and Halley are shown in Figs. 1 and 2; respectively. The wavelength
scale is from the TUE guest observer tape and has not been corrected for the relative motion
of the comet and the telescope. A 390 min exposure was used for the Giacobini-Zinner
(LWP 6694) spectrum, obtained on 30 August 1985, while a 720 min exposure was used
for the Halley spectrum (LWP 7383) observed on the 25 and 26 of December, 1985. The '
data is presented as is, with no smoothing and the signal to noise ratio is estimated to be
12/1 for Giacobini-Zinner and 33/1 for Halley. The noise was estimated from the negative
excursion peaks in the spectra in the region where there should not be any CS rotational
lines. The CS spectra was observed in two different orders in both spectra but in this paper
only the order that occurs near the center of the camera will be discussed. The TUE
instrumental bandwidth is quoted to be 0.2 A for a point source and 0.8 A for an extended
source. This is varied in the analysis because the images of these comets completely fill the

slit. The true resolution is somewhere between these values.

Theory

The high resolution emission spectrum of both comets obtained from IUE should
contain information about the local condition in the inner coma. The production scale
lengths of CS had previously been shown 1o be less than [3,4] 1000 km. Thus this species
is formed in the inner coma and may be a probe of this region. The rotational distribution
of the CS radical in this region could possibly monitor the locat conditions of the inner
coma. To determine whether this is the case it is necessary to see if the observed spectra
can be fitted with models that require collisions.

There are several approaches that can be taken to match the observed spectra with a
model spectra. Earlier work [3] had calculated the high resolution spectra assuming that the
rotational distribution could be fitted with a Boltzmann distribution of rotational levels. In
the present work that approach will be used as well as the inversion method {6} which has

been developed for inverting the distribution from the observed spectra.
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In the analysis it will be assumed that the CS radical is produced by photodissocia-
tion of CS,. Ample evidence has been presented that suggest that this is the most likely
source of CS [4]. Photodissociation of CS, is known to lead to the production of highly
vibrationally and rotationally excited CS radicals [5}. The radicals appear to be formed
with internal energy up to the thermodynamic limit, so that at 193 nm they can be formed
with up to 12 quanta of vibrational energy and with substantial amounts of rotational
energy. Once the radicals are formed in the cometary environment it is unlikely that they
will survive in these highly excited vibrational levels. The natural radiative lifetime for a
CS radical radiating in the infrared region via the following process,

CS(v") ———— CS(v"-1) + hu (n

is of the order of a few milliseconds. This is much smaller than the solar excitation rate and
the collision rate, so that it is unlikely that vibrationally excited radicals will survive long
enough to be electronically excited and detected. Similar considerations for the highly ex-
cited rotational levels lead to the same conclusion for the upper rotational levels, with large
spacings. The exact number of rotational levels that will have to be considered will depend
upon radiative relaxation time and the collision time between the CS radical and the gas in
the coma.

With the above considerations in mind a model can be developed to try to match the
observed high resolution $pectra. The overall process can be described by the following
series of reactions,

CS(XIZv"J") + hv ———— CS(AT V)" @

CS(All, V.19 —— CS(XIZ,v"J" + hv 3
First, label all of the initial levels of CS(X1Y) with the index i, the intermediate levels of
CS(AT) with the index j, and the final levels of CS(X1X) with the index k. The levels i
are the populated levels in the coma, the levels j are the levels that are optically populated by
absorption of solar radiation, and the levels k are the levels that are optically coupled by

emission from j. It is this latter emission that is measured by the TUE telescope.

The emission intensity, Iix(Ap, from a given j level to a k level at wavelength A, is
proportional to,
L) = ZpNSj0ddge-Ap @)

where, ¢(Aj-Ay) is the instrument function of the telescope, Ly is the frequency of the
transition between the j and the k levels, Sjx is the natural line strength, Aj is the Doppler
shifted transition wavelength, and N; is the population of the intermediate level j. The
natural line strength is given by, .

Sk = 2y Sk (5)

in which gy~ is the Franck-Condon factor, |t is the transition dipole, and § is the rotational
line strength. The sum in the intensity function is over all optically coupled levels in emis-
sion and absorption.

The population of the intermediate level j can be determined from the following
relationship,

Nj = ZiNiS;v;;0(vy) ©)

where, O(v;) is the intensity of the solar radiation at the Doppler shifted absorption fre-
quency v;; and all of the other symbols are the same. The equation for the emitted light

intensity I) can now be rewritten as,
Iy = ZiNiZjSi0i033 00050\ -Ap) o

The light intensity at a given line is lincarly dependent upon the population of the initial
states responsible for that line. If the instrument function is such that all of the lines are re-
solved then the population of the initial rotational levels are completely defined. In fact
since there are three branches, the P,Q, and R branches, we have more equations than un-

knowns.

The ab;)ve equation can be written in matrix form as follows,
I=MN (8)
In this equation the I'is a L dimensional column vector with L being the number of points
measured in the spectrum, and N is an I dimensional column vector with I being the num-

ber of ground state rovibrational levels.

The rotational levels can be further parameterized, in terms of Jmax where Ji . is
defined by Eqyay =B max (J"max + 1). Let us define a new variable X, where,
X=-1+ QM pa0) 9

The population for a given X, P(X), can be expanded in a Legendre Series, so that

N(X) = ZPq(X)agq 10)
where, ag=(Py|P)= J:]Pqu,X (11
with Pyl Py =85 (12)
The ay are the moments of the distribution.
therefore,
1y = ZqaqZiPa(Xi) ZitS S 030 O(0)0 (-2 (13)
since,
L =qM (14)
50,
Miq = ZijxPa(X)S;iS 0033 000 Ay-Ap)
(15)
and,

q={Ag} (16)
The ag are the moments of the distribution and may be independently extracted from the

least-square’s analysis of the spectrum [8).

Results and Discussion

A careful comparison of Figs. 1 and 2 suggest that the two spectra were identical
except for the signal to noise ratio. Because of this, it was decided to only analyze the
Halley comet spectra since it has a much better signal to noise ratio.

A synthetic spectra was first derived assuming various Boltzmann temperatures.
Some of the results of this simulation procedure are shown in Fig. 3, along with the Halley
comet spectra for comparison. The 29 K spectrum has the right width but it has two
distinct peaks corresponding to the R branch and the overlapping P and Q branches. The
resolution of the IUE instrument is not high enough to resolve these latter two branches.
The 7 K spectrum has the right shape, but it is too namow to match the spectrum that is
observed. Increasing the temperature does not improve the match because the two peaks
remain and eventually become too wide.

A simulated spectra was them computed using a uniform distribution, such that,
PU") = PJ"Y for all J*; and 'y < ", and is equal to zero outside of this range.
These results are shown in Fig. 4, which show that the shape is better fitted with a
distribution that only employs levels with low J. The spectra calculated from distributions
with higher J's have too many peaks and eventually become too wide.

Fig. 5 shows, a better shape can be obtained by employing a rotational distribution
function that monotonically decreases from J" = Q to J" = 5, with a slope of one. The
width of the simulated spectrum, however, is still too narrow.

Several bimodal distributions have been tried. The best fit that we have been able to
obtain thus far with a bimodal distribution is given in Fig. 6. This calculated spectrum is
wider than the spectra obtained with a single distribution and has the correct shape. Itis
still, however, not as wide as the observed spectrum,

Scveral spectral inversions were attempted using the theory that was described
ezu"licr. All of them gave results similar to those shown in Fig. 6, which looks very much
like some of the resuits obtained by direct simulation. In this case it has the undesirable

properties that both the width and shape are in poor agreement with the observed spectrum.
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Fig. 3 Two simulated spectrum using a Boltzmann distribution Fig. 4 Two simulated spectra using a uniform distribution.

of rotational levels. The Halley spectrum is included for comparison. The Halley spectrumis included for comparison.
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The inversion which was previously described tries to obtain a match by fitting J* rather
than the rotational energy. It is now thought that it would be better (to fit the rotational
energy) because the simulation procedures suggest that only a few J" levels are involved.

The poor fit with the-observations is not the only reason that the present inversion is
unsatisfactory. The inversion procedure should yield the average populations, <P(J")>, in
several rotational levels as well as the error in those estimates. The average populations
<P(0) + P(1)>, <P(2) + P(3)>, and <P(4) + P(5)> were found to be —489+18,197+
0.61, and 0.86 0.2, respectively. Thus, the inversions yield a negative population for
the average of the J” = 0 and 1 levels. This is obviously physically unrealistic. The error
in the populations are also unacceptably large. These preliminary results suggest, inversion
procedure needs to be done as a global fit in energy rather than in J* populations.

The inversion procedure will only give a good fit if a correct functional form is
assumed for the distributions. Which is why the simulations are important so that one can
obtain a fee! for the correct functional form. Once a good functional form is determined,
the inversion procedure can be used to yield a quantitative measure of the parameters that
give the best fit.

From all of the simulations done thus far, it is clear that the low I" levels are the
principal . contributors to the observed Halley spectrum. This can be explained by
considering the characteristic times for electronic excitation, rotational radiative relaxation,
and collisional process. These times are collected in Table 1. The average CS radical will
be produced 600 s after the CS; radical has been released from the nucleus. It will then take
an average of 1400 s before it will be excited by a solar photon. Experimental evidence[5[
is available which shows that the CS radicals are born with up to 12 quanta of vibrational
energy and 100 quanta of rotational energy. The vibrational energy is unimportant in
determining the observed line profiles because excited vibrational fevels will radiate in time
of the order of n!illiseconds. A similar argument can be made for,the upper rotational levels
of CS, which according to the theoretical formula. given in Table 1, will have sheort radiative
lifetimes. At 500 km the time between collisions is 14 s, so that all of the CS radicals in
rotational levels with J* above 24 will have radiated before the molecule has had a chance to
collide. The CS radicals that now all have J" < 24, will then undergo approximately 200
collisions before it can be electronically excited. This collision rate has been calculated
using a spherical model for fluid flow in the coma (11] and a production rate for water in
Halley of 5 x 1029 5-1, If collisions have unit efficiency for rotational relaxation, then all of
the CS radicals will end up in J" = 0 because 24 levels are excited. It is clear that this is not
the case, since the observed spectrumn cannot be fitted with such a model. This means that
collisions with HyO do not have a unit efficiency for relaxing the rotationally excited CS

radical.

The efficiency for rotationally quenching the CS radical by. water will probably

depend upon the energy difference between the rotational levels of water accepting ti)e
energy and the CS molecules giving up the energy. The greater the energy gap between the
H,O molecules and the CS radical, the lower the probability {12} that the radical can be
deexcited by collisions with Hy0. The energy difference for CS radicals in the J = 24 and
J" =23 levels is 39.4 cm! which is 3.0 cm°! below the lowest rotational level of water, the
119 level. The probability for deactivation by collision will be higher for this level than for
the lower rotational levels. This probability should also decrease exponentially as the
energy difference increases.

Collisions could also rotationally excite the CS molecule by T to R transfer. The
translational temperature of the gas should be of the order of 200 to 300 K. This
corresponds to energies of the order of 147 to 220 cml and collisions could then excite the
CS radicals to higher rotational energy levels. The efficiency of excitation versus
deexcitation by radiative relaxation will depend upon the competition between the two
processes.

The above discussion suggests that collisions will not be completely effective in

quenching the rotationally excited CS radicals in the first 2500 s before the radical is

TABLE 1

Some Characteristic Times for Elementary Processes involving CS in
Comets at 1 AU

Process Time(s) Reference
Electronic Excitation 1,400 3
Rotational Radiative Relaxation 1.9x105/(J*)3 9, 10"

forJ"=5 1500

forJ"=4 2970
Time between Collisions 5.7x10°15(r)2 11

for r =500 km 14

for r= 1900 km 206

for r = 5000 km 1425
Photochemical Production 600 4

* The lifetime was calculated using the dipole moment of Reference 9 and the method of
Reference 10.

excited. The spectrum obtained from radicals that have been newly created will be
superimposed upon a spectrum of radicals that have undergone multiple excitations in the
collisionless regime. This suggests that a bimodal rotational distribution is ncpdcd to fit the
observed spectrum. One of the main results of our modelling so far has been that there'is
no one single rotational distribution that will fit the observed spectrum. As Fig.. 6 shows,
the bimodal rotational distribution gives a better overall fit than a single distribution. It
remains to be determined just what kind of bimodal distribution should be used. »

The simulations and inversions have all been done with spectral intensities of the
central solar region given in Kohl, Parkinson, and Kurucz [13]. These spectra were
averaged over 0.005 nm bins. In future v‘vork, the averaged solar disk spectrum A'Hearn
et al. [14] will be used. It is expected that this will make the rotational profile more

sensitive to the radial velocity of the comet but should not produce the broader profiles.
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Summary. The high resolution spectrum of comet P/Halley has
been measured in the region of the CS emission. CS in comet
Halley is produced by photodissociation of CS, and subsequently
re-excited by broad band solar radiation. An inversion procedure
is introduced to extract the rotational population distribution
from the dispersed fluorescence spectrum. The fluorescence
profile from the R branch of the v’ =0 to v” = 0 is analyzed using
this method. The extracted rotational distribution shows a peak at
J” =1 superimposed on a background extending to J” =29. The
distribution is interpreted by considering radiative and collisional
relaxation processes in the comet. Intensity anomalies in the
wavelength region corresponding to P and Q branch emission are
considered.

Key words: comets — atomic and molecular processes

1. Introduction

The CS molecule holds the potential of playing an important role
in our understanding of comet chemistry (Swamy, 1986). The
CS radical is produced by photodissociation of CS, in the
comet. The scale length of the CS daughter has been shown to be
greater than 10° km: this corresponds to a sufficiently long
lifetime for the detection of molecular fluorescence due to
subsequent reexcitation by solar radiation (Swamy, 1986; Jackson
etal., 1986). The scale length of CS, parent, on the other hand, has
been shown to be less than 10% km (Swamy, 1986): this means that
CS radicals are formed in the inner region of the comet coma
where collisions could conceivably affect the rotational pop-
ulations of newly formed product (Swamy, 1986; Jackson, 1986).
CS is the only molecule which is consistently-observed in the
spectra of comets that originates from a parent of such short scale-
length. The CS species is thus uniquely positioned to monitor local
conditions in the inner region of the comet coma.

The rotational distribution of CS radical reflects conditions in
the inner coma. In the case of complete thermalization of CS
product, we would expect a rotational distribution well described
by a Boltzmann functional form (Jackson et al., 1982); the
temperature of this distribution would then be the temperature of
the inner coma. In the case of radiative equilibrium (in some sense

Send offprint requests to: W.M. Jackson

* Guest observer with the International Ultraviolet Explorer
Satellite

the opposite extreme) we would anticipate a distribution of a
highly non-Boltzmann character in which most molecules were
relaxed to very low J levels; a ‘“‘temperature” determined from
such a distribution would bear no relation to the temperature of
the inner coma.

The form of the CS rotational distribution as determined from
the fluorescence contour thus weights heavily in evaluating the
character and content of information which may be learned on the
inner coma conditions. Unfortunately the CS spectrum, like many
other molecular systems of astrophysical interest, is sufficiently
complex and overlapped to prohibit a straightforward de-
termination of individual rotational populations. The procedure
generally used — spectral simulation — is not only inappropriate in
this sitnation because it begins by presuming the form of the
distribution which is of special interest, but also inadequate
because it provides no measure of goodness of fit or parameter
sensitivity.

The problem of extracting populations from congested spectra
has recently been treated by Prisant and Zare (1985) and refined
by Prisant and Levine (1986). These authors define a linear
transformation connecting spectral intensities and state pop-
ulations. Definition of this transformation permits direct extrac-
tion of population estimates through use of linear regression. In
this work, the method of Prisant and Zare will be adapted to
analyze high resolution spectra obtained in an IUE observation of
comet Halley on 1985 December 25 and 26. As this technique
bears on population analysis of astrophysical spectra in a
completely general fashion, extensive discussion will be given to
the modalities of its application. The results of the analysis are
prerequisite to distinguishing between radiative equilibrium and
collisional thermalization mechanisms for the production of the
CS rotational distribution in Halley’s comet.

2. Observation of CS radical in comet fluorescence

CS has been seen in many comets since its first observation in
comet West 1976 VI (Prisant and Levine, 1986). Spatial resolution
of CS emission in other comet sightings has shown that CS
originates not from the comet nucleus but rather from the decay of
another molecule at a height of less than 1000 km in the cometary
atmosphere. Analysis of emission from comet IRAS-Araki-
Alcock 1983d using the model of Haser (Haser, 1957; Festou,
1981) established a scale length of 300 km for the parent of CS
(Jackson et al., 1982).
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It has been argued that CS radical is formed in comet
atmospheres by the photodissociation of CS, (Jackson et al.
1985):

CS, + hv(solar radiation: 190 nm < 4 <210 nm) — CS+S. (1)

Identification of CS, as the parent species is based on the
photochemical unsuitability of other species containing a CS bond
found in comet atmospheres as parents of CS and the photochemi-
cal suitability of CS, as the only simple molecule containing CS
with a large absorption coefficient at wavelengths that are
reasonably intense in solar radiation (Jackson et al., 1985). We
note that CS, photodissociates efficiently throughout the 100-
210 nm region. Okabe identifies the ground state product as the
major channel in the region from 190 to 210 nm and production of
A'IT as a major primary process in 120 to 140nm region: the
former occurring through predissociation of the !B, state and the
latter through direct dissociation of Rydberg states. Three lines of
reasoning argue for the predissociation mechanism followed by
solar excitation as the source of CS emission in the comet. First,
the CS parent lifetime deduced from scale length measurements in
the comet (5005) is consistent with the calculated predissociation
lifetime from the * B, state (590s) (Jackson et al., 1985). Second, as
will be seen, the observed rotational and vibrational distributions
in emission are highly relaxed; if CS A state directly produced by
photodissociation were a major contributing source of emission
intensity, we would expect an emission pattern characteristic of
highly excited product. Third, solar intensities are much reduced
in 120-140 nm region relative to those in the 190-210 region. In
our analysis it will be assumed that the CS observed in cometary
fluorescence is produced by photodissociation of CS, yielding
ground state product and subsequently reexcited by solar
radiation.

Photodissociation of CS, in laboratory experiments is known
to lead to the production of highly vibrationaily and rotationally
excited CS radicals (McCrary et al., 1985). The radicals appear to
be formed with energy up to the thermodynamic limit, so that in
excitation at 193nm vibrational levels up to v”"=12 and
substantial amounts of rotational energy are populated. It is
unlikely that CS radicals formed in the cometary environment will
survive in the highly excited vibrational levels of the nascent
product state distribution. The natural radiative lifetime for the
a CS radiacal radiating in the infrared region via:

CS(v") = CS (" — 1)+ hv . 2

is on the order of milliseconds. We therefore expect that all
radicals formed in vibrationally excited states will cascade down
to the ground state on a time scale of 10~ 2s. This is short
compared to the solar excitation rate (on the order of 10%s at
1 AU) and the collision rate (on the order of seconds at 300km
from the nucleus). It may therefore be concluded that most of the
detected CS radicals are in the »” =0 vibrational level.

In contrast to vibration, full radiative relaxation of rotational
excitation in the CS radical in the cometary atmosphere is not
expected. The B value for the CS radical is ~0.8 cm™! and
approximate spacing between J levels of 2BJ suggest that the
radiative lifetime of all J” levels < J = 60 will be greater than 1s.
This is the largest number of J levels which must be considered in
any rotational analysis and defines the dimensionality of the
problem. :

We now describe the observation of CS in Halley’s comet. CS
produced in the comet coma is excited by solar radiation; resulting
fluorescence is detected by the IUE telescope. The spectrum of the
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Fig. 1. The solar emission spectrum between 257 and 259 nm. An air wavelength
scale is used. The comet sees this spectrum Doppler shifted ~0.02 nm to the blue

0
257

exciting solar radiation is shown in Fig. 1: this data presented by
A’Hearn (1983) has been averaged over the solar disk. The solar
radiation is unpolarized. Boggess et al. (1978) has previously
described the TUE instrumentation: only the observational details
and the results will be given in this section. Figure 2 shows the high
resolution spectrum obtained with the LWP camera during
observation of comet Halley between 257.5 and 257.9 nm. This
portion of the spectrum has been assigned to emission from
CS(* (v=0) — X* = * (v=0)). The spectrum was observed using
a 720 minute exposure on 1985, 25 and 26 December (LWP 7383).
The CS spectrum was observed in two different orders but in this
paper we present only the order that occurs near the center of the
camera.

3. Theory

3.1. Aninversion procedure for extraction of rotational populations
from the fluorescence contours of broad-band excitation spectra

The fluorescence contour viewed by the observation telescope is
the result of broad band excitation by solar radiation followed by
emission. In the discussion which follows we first develop the
linear transformation which relates the vector of emission
intensities to that of rotational populations. We then go on to
develop a parameterization scheme for the rotational populations.
The emission intensity at wavelength A;, 1;(4;) is a linear
function of the ground state populations and is given by:

L) = KZ {Ni [Zk 858k Vi Vik *0 (vij) ¢ (/ljk - 11)]} > €))

where K is a proportionality constant. The first summation over
is over the populated ground state levels, the second summation
over jis over the intermediate levels excited by solar radiation, and
the third summation over k is over all ground state levels optically
coupled in fluorescence. The terms relevant to the absorption
process are: N;, the population flux of ground state absorbers isin
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state i, v;;, the Doppler shifted absorption frequency, O(v;;) the
solar radiation flux at v;;, and s;;, the natural line strength of the
absorption transition. The terms relevant to the emission process
are: ¢ (Ay — 4;), the instrument function of the telescope, s, the
natural line strength of the emission transition, v, the Doppler
shifted emission frequency, and 4;,, the Doppler shifted emission
wavelength. We also make the following notes. Doppler shifts in
absorption originate from the motion of the comet from the sun;
Doppler shifts in emission originate from the motion of the
observer telescope relative to that of the comet. The natural line
strength is given by:

Si = >, "), 2'5:,7‘/(2-]"' 1),

"

“

where g (v'v") is the Franck-Condon factor between levels v’ and
v”, u. is the electronic transition moment, 2J+ 1 is the degeneracy
of the populated state in emission or absorption with J the total
angular momentum quantum number, and Sj is the Honl-
London line strength factor for the transition. Finally the
telescope instrument function is taken to be a grating function or
triangle with FWHM equal to the instrument resolution.

The original equation for emission intensity may be recast in
matrix form such that: '

I=QN, &)

where I is an L-dimensional column vector with L being the
number of measured points, /V is an /-dimensional vector with /
being the number of ground state rovibrational levels, and Q is an
L by I matrix where each element corresponds to the contribution
made by a specific ground state level i with unit population to the
emission intensity at wavelength /.

If the telescope instrument function is such that all emission
lines are resolved then the population of all the initial levels is
overdetermined due to the presence of P, (3, and R branches
originating from each level. This is generally not the case and we
must consider a parameterization of the distribution in order to
reduce the number of fitted parameters and define a model matrix
which is not rank deficient. Let each population N, be given by the
expansion: ’

Ni(v)) =} a, F,(N)Ify, (6

where {F,} is a Q-dimensional set of orthogonal basis functions
(Prisant and Levine, 1986). The factor f, is the normalization
constant of basis function F, determined by:

Jo=2 F,(N) Fy(N). M

The {a,} are the independent moments (Prisant and Levine, 1986)
of the population distribution N (vJ) defined by:

a,=<{NQ@J)|Fp ®
with
(FP|F4> =}2 épq and (N(vJ)qu>=ZN,.Fq(N,-). )

A number of different orthogonal basis sets may be chosen for the
parameterization (Prisant and Levine, 1986); in this work we use
the spline functions defined by:

ig¢[n(g)n(g+1)
ien(g),n(g+1)),

0 if
where the n(q) are indices which define the level limits of the
spline. The normalization factor is given by:

Li=n(g+1)—n(g. 1mn

For a spline function basis, the orthogonal moments are
proportional to the integrated or average populations over the
limits of the spline.

We may now expand the population vector such that V= Fa
where Fis a matrix whose elements F;, = F, (¥;) and a is the vector
of moments. Substituting into the matrix equation for the
emission intensities we find that:

I=Ma, M=QF, (12)
where M is the model matrix; each element M, corresponds to the
contribution of basis function ¢ with unit weight to the emission
intensity at wavelength /. A set of estimated parameter values 4

and associated errors which minimize the least squares measure:

(I-y)*={I~Ma)’ (13)
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Table 1. Spectroscopic constants of CS electronic states (taken from Bergeman and

Cossart, 1981)

" State T.o w, W, X, B, «,[10"2cm™!]  R,[A]
fem™']

Xz~ 0.0 1285.154 6.502 0.8200449  0.5921 1.53496
a3 27030.37 1135.41 7.747 0.78478 0.692 1.5691
a3z 30695.90 829.24 4,943 0.64727 0.570 1.728
d34 35041.28 796.17 4.966 0.63685 0.614 1.742
e3xr- 38040.75 752.93 4.955 0.62251 0.627 1.762
A 38255.13 1077.23  10.639 0.78760 0.83 1.566

may be determined using linear regression. Here y is the vector of
measured experimental emission intensities corrected for detector
response and emission background not due to molecular
fluorescence. We remark that the error estimate associated with
each parameter a, determine the variance in the estimated value of
the integrated populations.

Properly, the inversion procedure determines the best-fit
parameters and estimates their associated errors rather than
determining the exact form of the distribution itself. The
procedure extracts, in the parameterization scheme chosen, the
best-fit independent spline moments. Due to the congestion of the
spectrum and consequent loss of information, the extracted
moments necessarily represent a partial set. The inversion
procedure does not distinguish between distributions character-
ized by this partial set of moments nor does it necessarily
determine the best choice of orthogonal basis.

The extracted best-fit moments thus constrain but do not
determine the functional form of the actual distribution. The
constraints on the form of the reconstructed distribution, P (vJ)
are given by:

('iq=<P(vJ)|Fq>, (14)
where the d, are the fitted values of the moments and
P@J)>0 (15)

for all vJ contributing to the spectrum.

Any ansatz for reconstruction of the form of the distribution must
select one member of the functional family meeting these
constraints. This choice is somewhat arbitrary but may be guided
by quantitative criterion of the overall variance and qualitative
criteria concerning the expected form of the distribution.
Acceptable methods for reconstruction of the distribution include
generation of all members of the population vector from the
partially determined set of moments and truncated fitting basis set
“or optimization of a second functional form to the values of the
determined moments.

3.2. Spectroscopy of the CS molecule

Emission detected from comet Halley in the 257-259 nm region
corresponds to the 4'f1 — X*X* electronic band system of CS
(Swamy, 1986; Jackson and Prisant, 1986). The lines observed
originate from the v’ = 0 to»” = 0 transition. This band system has
been extensively studied and is a model system for the study of
spin-orbit perturbations.

Molecular constants and term values for the X ¥ * have been

_ derived from analysis of microwave and IR spectra (Todd, 1977;

Yamada and Hizota, 1979). The A doubled energy levels in the
AT state are perturbed by near-lying levels in the @11, o’ 3z,
d34, and €32~ states. A set of deperturbed molecular constants
has been derived by Cossart and Bergeman (Bergeman and
Cossart, 1981) for this system from the collected emission .and
absorption data for CS: these are given in Table1. The
deperturbation analysis and term values are fully described in the
definitive works of Cossart and Bergeman (Bergeman and
Cossart, 1984; Cossart, 1974). It was determined that the most
important influence on the A4'II(v=0) originates from the
a'3Z* (v=10) level with the d*4 (v =2 and 4) making more minor
contributions (Field and Bergeman, 1971). The rotational
“resonance” with the @' state reaches a maximum at J=16
(~10 % mixing) and thus directly concerns us in this study. The
introduction of @’ character into the 4 state has the consequence of
altering the energy levels in the 4 state and diminishing the optical
coupling to the X state. Conversely, the introduction of A
character into the rotational levels of the a’ state means that those
levels may be optically coupled to the ground state.
Lefebvre-Brion and Field (1986) point out that the natural line
strengths of a perturbed transition depend on “which of the two
possible electronic transitions has oscillator strength in the
spectral region being monitored; the vibrational and rotational
line-strength factors which are applicable for both main and extra
lines are those associated with the electronic-vibrational band
with nonzero-oscillator strength.” Even for levels which emit due
to small admixtures of the optically coupled state, the electronic
and rovibrational wavefunctions of the non-optically coupled
state are completely “irrelevant” to observed linestrengths except
insofar as they determine the fractional character of optically
coupled state (Lefebvre-Brion and Field, 1986). The CS band
system in question is thus to be distinguished from the familiar
example of intensity interference seen in NO where the eigenstates
are formed from the admixture of two strongly coupled bases,
both of which have allowed optical transitions to the ground state.
Accordingly, the form of rotational line strength for the
observed CS transitions follows that of a '[T—"'X 7 transition.
Each J level of the IT state has two lambda doublet components
labelled e and f. The inversion parity of the rotational wave
functions associated with the e or IT* levels is given by (—1)” and
that of those associated with the f or /1% levels by —(—1)’. The
inversion parity of the rotational wave functions associated with
the LI * state is given by (—1)”. The parity selection rule forces all
P and R branch transitions to originate from e levels and all Q




branch transitions to originate from f levels of the IT state (Le-
febvre-Brior and Field, 1986; Gauyacq et al., 1986). The modi-
fied natural line strength for the perturbed CS *IT —~ !X transition
incorporates Honl-London factors weighted by the fractional
character of optically coupled A state (Lefebvre-Brion and Field,
1986). These may be written:

I J =14 PU =] —1)
2J"+1D4 QU =J")

with
l J"+2)/4 R(J"=J+1),

Sie = P;Si Sj= (16)

where p; is the fractional 4 character of the A4 state rotational level
and J” the quantum number in the X state. We note that the Q
branch line strengths are approximately twice of the P and R
branches.

4. Analysis and results

We begin by making the following comments on the experimental
data presented in Fig. 2. The wavelength scale from the IUE guest
observer tape is in air Angstroms and has not been corrected for
the relative motion of the comet and the telescope. The Doppler
corrections due to these motions are significant in the analysis of
the spectrum. At the time of observation, the comet was moving
with a velocity of ~ —26kms ™! toward the sun and a velocity of
~+35kms™! away from the IUE .observer telescope. This
corresponds to a blue shift of 3.3cm™! or —0.02nm of solar
emission as seen by the comet and a red shift of —4.5cm™! or
+0.02 nm of comet fluorescence as seen by the telescope camera.
Correcting for the Doppler shift in emission, we find that emission
to the blue of 257.68 nm originates from R branch transitions and
that to the red from P and Q branch transitions. The width of the
CS feature suggests rotational states populated up to J ~ 30.

The intensity data taken from the TUE tape is reported at 92
irregularly spaced points between 257.5 and 257.9 nm. We have
made a projection, using linear interpolation, of this data onto a
regular grid of 80 points spaced at 0.005nm: this projection
produces no visible change in the spectrum. The intensity scale in
the figure is relative and uncorrected for background light
scattering not due to CS fluorescence. The IUE instrumental
bandwidth is quoted to be 0.08 nm for an extended source and
0.02 nm for a point source: we find that it is the later which best
duplicates the experimental spectrum. The signal to noise ratio
may be estimated from the negative excursion- peaks in the
spectrum — this is found to be ~33/1 in the Halley spectrum. The
shape of the intensity profile — peaking near the Doppler shifted
band origin — suggests highly rotationally relaxed CS. However,
given that the Honl-London factors for the Q branch are
approximately two fold greater than those of thé Pand R branches
and that the P and Q branches overlap, we would expect a
spectrum whose intensity fell off more rapidly in the blue with
shouldering in the red. The observed spectrum is almost
symmetric with slightly more integrated intensity in the wave-
length region corresponding to the R branch emission than that in
the region corresponding to the Q and P branches.

A computer program has been written which simulates
fluorescence spectra excited by broad band solar radiation and
extracts estimates of population parameters through direct inver-
sion of experimental intensities. The term values for the X (v = 0)
state and the term values and fractional 4 character for the
a'(v=10), and 4 (v=0) states have been tabulated by Cossart and
Bergeman (1981). Transition frequencies for the band system are
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Fig. 3. The fitted R branch of the emission spectrum. The dotted line represents
the experimental data; the solid line shows the spectrum simulated according to
the parameters of the rotational population distribution extracted in the
inversion procedure

calculated through use of these tables. Natural line strengths are
calculated through use of Egs. (4) and (16) subject to the selection
rules described in Sect. 3.2. Transitions in absorption are weighted
according to the Doppler shifted intensity of solar radiation as
given by A’Hearn. For each upper state populated in absorption,
all allowed transitions in emission are calculated. For simulation,
the Doppler shifted air wavelength is sorted into a histogram bin
of regular spaced observation points and weighted by population
and a grating instrument function depending on its displacement
from the center of the bin. Alternatively a model matrix for
inversion may be tabulated by cross-sorting with a parameter
index and unit population weighting. Given the tabulated model
matrix, a linear regression routine is used to determine the best-fit
parameters. and associated estimated errors.

Inversion of the R branch portion of the spectrum yields good
agreement with reported intensities. Figure3 compares the
spectrum simulated according to extracted population parameters
with the experimentally obtained spectrum. Figure 4 shows the
population distribution reconstructed from the fitted parameters.
The estimated variance for the fitted parameters was sensitive to
the choice of orthogonal spline basis set though the overall form of
the distribution was not. The J=1 and J =0 level parameters are
the most highly populated; a background extends out to J ~30
which is at ~0.2 of this maximum level. Attempts to fit the entire
spectrum and the P and Q branch portion separately yielded
consistently inferior results. If the red portion of the spectrum
corresponding to the P and Q branch emission was enhanced by a
factor of 2.5 relative to the blue portion corresponding to R
branch emission, then a reasonable quality fit was obtained and
the population distribution resembles that shown in Fig. 4.

5. Discussion

Initial attempts to model the observed spectrum with a Boltzmann
distribution have been described in a previous publication
(Jackson and Prisant, 1986); these efforts showed that a
Boltzmann distribution cannot account for the observed form of
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Fig. 4. The rotational population distribution
" reconstructed from linear regression best fit
parameters. The bars represent the bin width
and the circles represent the average
population per J level over the interval. The
nature of the errors are described in the text
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Fig.5. The A'T = X'X " (v=0)(v=0) emission simulated for a 29 K Boltz-
mann distribution of absorbers

the CS fluorescence contour. If a low rotational temperature of the
order of 7K is used, the spectral bandshape is roughly triangular
but much narrower than the observed spectrum. Increasing the
temperature to broaden the band profile results in the develop-
ment of a characteristic dip separating the Rand P, Q halves of the
simulated spectrum. Figure 5 shows a plot of the spectrum
resulting from simulation of a 29K or best-fit Boltzmann
rotational distribution. While accounting for the breadth of the
fluorescence contour, the overall shape of the spectrum and that of
constituent branches are clearly incorrect. No reasonable adjust-
ment of the IUE instrument bandwidth was able to eliminate this

30

disagreement. In earlier work on CS in comet Bradfield (Jackson
et al, 1982), a Boltzmann distribution appeared to give a
reasonable fit to the observed data. Subsequent consideration
suggests that this earlier agreement was fortuitous and due to the
Jower signal to noise ratio in the Bradfield spectrum and that
required excessive smoothing of the original data. Since a
Boltzmann distribution does not fit the observed spectra it is
unlikely that collisions are responsible for most of the CS
rotational distribution.

Also examined in a previous publication (Jackson and Prisant,
1986) were simulations resulting from several different functional
forms of the rotational distribution. These included a linear
distribution peaking at J” =0 and monotonically decreasing to
J" =10, a bimodal distribution peaking at J" = 0 and at J" =20,
and uniform distributions that cut off at some upper J” level.
Though none of these distributions provided a satisfactory fit to
the overall observed spectrum, the bimodal distributions were
superior and provided a better accounting of the general shape of
the R branch half of the spectrum.

Use of the inversion procedure showed that the fit variance
could be dramatically improved by artificially suppressing the P
and Q branches of the spectrum relative to the R branch. In other
words, the general form of the spectrum is incompatible with the
known rotational line strengths of CS. Because of this incom-
patibility we have chosen to use the inversion program to only fit
the R-branch and derive populations from this branch.

The spectrum simulated with the population distribution
reconstructed according to the fitted parameters and the
reconstructed distribution itself are shown in Figs. 3 and 4
respectively. The results show reasonable agreement with the
experimental observations. To reduce the overall error and
improve the fit it is necessary to limit the number of parameters
that are determined in the least squares fitting procedure. We have
chosen to to this integrating the population in four bins for J” =2
through 27. The bin sizes indicated in the figure by the horizontal
lines the error on the integrated populations is very low, with a two
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Table 2. Some characteristic times for elementary processes involving CS in

comets at 1 AU

Process Time Ref.
1. Electronic excitation 1400 Jackson (1982)
2. Rotational radiative relaxation 1.9 10%/(J")? Winnewisser and
for J"=5 1500 Cook (1968)
for J"=4 2970 Guillory (1977)

3. Time between collisions 5.710715(r)?
for r= 500km 14

for r=1900km 206
for r=5000km 1425
4. Photochemical production 500

Jackson and
Donn (1966)

Jackson (1986)

sigma value indicated by the size of the circles. As would be
expected, the estimated errors on the individually fitted pop-
ulations of the J* = 0 and 1 levels are much larger, with one sigma
values of 0.1 and 0.6, respectively. The errors on the J” =0 and 1
populations can be improved with a different choice of basis; the
overall form of the reconstructed distribution is not, however,
terribly sensitive to this choice. After experimentation with a
number of different bases, we found that the distribution
reconstructed with the basis shown produced the optimal variance
and yielded positive values for all populations even in the high J
domain.

The populations derived from fitting the R branch are
generally satisfactory if we can find a reasonable explanation for
the inability of the inversion procedure to fit the Q and P branches.
Several explanations come to mind but as further discussion will
indicate most are unlikely. We first consider an optical depth
effect. To be suitable, the absorber must have an optical thickness
0.4 units greater in the Pand Q branch region of the spectrum than
that in the R branch region. Calculations using the oscillator
strength and measured production rates to compute column
density for CS indicate that its optical thickness is only 0.02; this
rules out any explanation invoking self-absorption. The presence
of a strong absorber other than CS itself that overlaps just the P
and Q branches may be ruled out because 1) there is no indication
in the spectrum for such a species and 2) given the large oscillator
strength of CS and its production close to the nucleus, it is
improbable that another unknown absorber could exist whose
optical thickness would exceed that of CS by an order of
magnitude. A second possibility is that a polarization effect is
being observed in the emission spectrum. This seems unlikely since
1) the exciting radiation is unpolarized and 2) for a_ given
anisotropic ensemble of emitters, the Q branch would be expected
to polarized opposite to the P and R branches whereas the
observed anomalous relative intensities are for P and Q with
respect to R.

A plausible explanation for the observed discrepancy is the
contamination of the R branch measured intensity by a higher
contribution of scattered suntight than the P and Q branches. This
explanation is suggested by examination of the photowrite images
in the region of OH spectrum where there is clear indication thata
continuum is present and contributes to the measured emission
intensity. Consistent with this hypothesis, the spectral distribution
of scattered sunlight overlapping the CS band system (shown in
Fig. 1) exhibits a dip in the P and Q branch region.

Halley was 1.08 AU from from the earth at the time of the
present measurements. The observed column of emitting gas had a
length of 10°km and a radius of 4000km with the telescope
observation axis lying along the column axis. Prerequisite to
understanding the bimodal rotational distribution are the
characteristic times for the various processes involving CS in
comets presented. in Table 2. The 500s reciprocal rate of CS
photochemical production and the observed 300 km locus of CS
production above the comet nucleus are consistent with an
outward gas flow velocity of 0.6 kms™'. The reciprocal rate or
characteristic time for CS electronic excitation is 1400s; this
means that multiple excitation of individual molecules will
contribute to a spreading of the distribution. As the carrier gas
expands outward from the comet nucleus diminishing in density,
the time between collisions varies from Ss at 300km to 74s at
1140 km. At 300km, the characteristic collision time is greater
than the characteristic radiative relaxation time for all levels above
J" =34 while at 1140km, the comparable value is J”"=14. The
rotational population distribution at a given altitude will reflect
competition between collisional thermalization and radiative
relaxation with radiative relaxation increasing and collisional
thermalisation decreasing in importance with increasing distance
from the nucleus. The extracted distribution averages over the
entire observation volume.

The results reported in the figure are clearly not at odds with
the qualitative ideas presented above. The fitted populations are
dominated by a low J component that probably originates from
those radicals that have radiatively relaxed to the lowest J” levels.
This larger component is superimposed on a weaker component
which represents those radicals that sample the inner collisional
region. To obtain more quantitative information from the
observed distribution a detailed quantitative model is needed
which incorporates the qualitative ideas given above.
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LABORATORY STUDIES OF PHOTODISSOCIATION PROCESSES RELEVANT TO THE
FORMATION OF COMETARY RADICALS

R.S. URDAHL, Y. BAO, AND W.M. JACKSON
Department of Chemistry, University of California, Davis, CA 95616

The strength of the Ca(d3Iy — a3[l,) Swan band emission in the spectra of cometary
comae identifies this species as a prominent constituent of the coma gas, although its
photochemical origin remains yet uncertain. It was previously suggested[” that the formation of
cometary Cz proceeds via the secondary photolysis of the CzH radical, which is \it'self generated
by dissociation of the stable acetylene molecule. The detection of C2H in the interstellar
medium(?! and the recent analysis of the radial variation in C2(AV=0) surface brightness of
Comet Halleyl3! support the postulate that Cz is a third-generation molecule. Although these
astrophysical observations provide evidence for the proposed two-step dissociation process,
laboratory verification of the mechanism is currently incomplete.

Measurement of the Cz and CaH translational energy distributions produced from the
multiphoton dissociation (MPD) of acetylene at 193nml4] identifies the primary processes to be:

CoHa(X1Zg*) + hviganm ----> CoH(X2z*, AZI) + H(2S) H

CoH(X2Z*, A2M) + hviganm ----> Ca(X1xg*, a3M,, AlL,) + H(2S) 2)
Time-resolved FTIR emission studies of the nascent CoH radical formed in reaction (18] verify
that this species is produced both vibrationally and electronically excited. A survey of the
internal energy distributions of the Cy fragments produced from the MPD of acetylene using a
high intensity ArF laser is currently in progress in this laboratory. Previous results using the
techniques of laser-induced fluorescence (LIF) and time-resolved emissionl®! allowed estimation
of nascent radical concentrations, with [Ca(AlTly)] >> [C2(C)], [C2(a%Mly)] > [Ca(d3Mg)], and
[C2(a%TLy)] = [C2(AML)].

Recent experiments have focused on the measurement of rotational energy distributions
for the Ca(Alll,, aMl,) fragments. Figure 1 illustrates the distribution of rotational energies for
the nascent Ca(AlI,) fragment produced during the MPD of various CoH precursors. The
distributions can each be fit using low and high temperature components, which implies the
dissociation of CzH occurs through a statistical process such as predissociation or internal
conversion to the ground state continuum. The rotational energy distribution of nascent
Co(ad1l,) from the MPD of acetylene is shown in Figure 2. Although the fit to a single
temperature is fair, there is some indication of a low temperature component in the region of

low rotational energies. Since the measurement of this distribution requires the use of low gas
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pressures and short pump/probe delay times, interference from Ca(d3[lg — a3l,) emission limits

gnal to noise ratio. We are currently trying to improve our C2(a3Ml,) detection

the achievable si
thus allowing for discrimination

capability by performing this experiment in a molecular beam,

between initial emission and LIF.
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Figure 1. Rotational energy distributions for nascent C2(Ally, v"=0) formed
in the photolysis of various CzH precursors. The solid curves are fit to the
temperature pairs of 100K+1200K, 150K+1500K, and 150K+1800K for CzH3,
C,D3, and CFsCzH, respectively.
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Figure 2. Rotational energy distribution for nascent Cz(a3Il,, v"=0) formed in
the photolysis of CzHa.
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A portion of the two-photon laser excitation spectrum of Ca(X1Eg*) is shown in
Figure 3. Since the signal was only observable after the inclusion of a buffer gas, it appears
that C3(X1EZ¢*) is not formed appreciably during the initial dissociation process but rather ag 5

result of radiative and collisional quenching of the Alll, and aSIl, primary fragments,
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Figure 3. Two-photon laser excitation spectrum of C2(X1Z %) produced in
the MPD of C3H3 at 193nm, observed at a delay of 2us (100mtorr C2Hz, 10torr
Ar).

Another class of experiments being performed considers the mechanism and dynamics of
CH and Cs formation during the photodissociation of allene with a focused ArF laser. The laser
excitation spectra of CH(X2IT) and C3(X!EZg*) given in Figures 4 and 5 verify the production of
these cometary radicals, but give little insight into whether they are formed by primary or
secondary dissociation processes. Again, the extraction of this information may be possible
through the use of a molecular beam, since the possibility of forming a product by collisional
processes is minimized.

Although the experiments performed to date provide considerable evidence in support of
reaction (2), there is an important distinctic;n to be made when comparing the laboratory
conditions to those typically found in comets. Since the C;H radicals generated in the
laboratory experiments are formed vibrationally and/or electronically excited, the theoretical
calculations of Shih et al.l”} predict 193nm vertical excitation of the bent(115°) CaH(12A® —
22A") transition. Alternatively, any rotationally/vibrationally excited CH present in cometary
comae will quickly undergo radiative relaxation in the infrared to their lowest rotational and
vibrational state. The vertical excitation energy for the linear(180°) CaH(X2E+ — 2[T) transition

then increases to ~8.1eVI7l, well into the vacuum UV region. Experiments are currently under
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way in our laboratory to confirm the cometary formation of C3 via the YUY dissociation of

cold CqH.
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Figure 4. Laser excitation spectrum of CH(X2II, v"=0) formed in the
photolysis of allene, observed at a delay of Sus (50mtorr C3Hy, 10torr Ar).
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Figure 5. Laser excitation spectrum of C3(X!EZg*, 000) formed in the
photolysis of allene, observed at a delay of Sus (100mtorr C3Hy, 10torr Ar).
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Photochemistry of Cyano- and Dicyanoacetylene at 193 nm
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The far-UV photochemistry of cyano- and dicyanoacetylene has been studied. In particular, those photolysis channels have
been characterized that lead to the production of excited-state fragments and CN in the ground electronic state. Following
photolysis of HC;N, in addition to direct production of CN and C;H, there is second dissociation channel leading to C;N
and H atoms. The results also show that at high laser intensity the HC;N dissociates by two-photon photolysis and that
the C;N undergoes secondary photolysis. Photolysis of C4N, produces CN and C;N radicals.

Introduction

in 1920, Moreau and Bongrand synthesized the first members
of the cyanoacetylene family, cyano-' and dicyanoacetylene.?
Since that time, several additional cyano polyenes of the series
H(C=C),CN and NC(C=C),CN have been synthesized.
Chemists, and particularly spectroscopists, have studied the
cyanoacetylenes because of their linear structure. Interest in these
molecules increased in 1971, when Turner observed the rotational
spectrum of HC,CN in the interstellar medium.> This spectrum
had first been measured in the laboratory by Westenberg and
Wilson. HC,CN has also been observed in Titan's atmosphere
by the Voyager missions to Saturn® and has been shown to play
an important role in the odd nitrogen chemistry of that enormous
moon.5 .

Our laboratory has been studying the photochemistry of XCN
species and C,N, for some time.” This study was started because
of the astrochemical relevance of cyanoacetylene photochemistry
and also to see if there were any dynamic effects in photolysis that
could be related to the increase in molecular size as compared
to CzN 2

This article reports on the photolysis of cyano- and dicyano-
acetylene at 193 nm. Measurements have been made of emission
spectra from excited fragments and laser-induced fluorescence
(LIF) spectra of ground-state CN fragments. The photolysis was
accomplished by an unfocused ArF laser whose intensity was
varied over more than 2 orders of magnitude.

Previous work on cyanoacetylene photochemistry has used
vacuum-UV light. Okabe and Diebler have studied the photo-
dissociative excitation and photoionization of HC,CN below 150
nm.8 Sabety-Dzvonik et al. characterized the quantum-state
distribution of CN produced in the 160-nm photolysis of HC,CN?®
and C4N2.lo

The UV spectrum of HC,CN from 290 to 200 nm has been
measured and assigned by Job and King.!"'? Conners et al. have
measured the vacuum-UV spectrum below 170 nm but have not
assigned it.® Miller and Hannon have measured the UV spectrum
of C4N, between 290 and 220 nm and partially assigned the
vibrational structure.'* Conners et al. also measured the vacu-
um-UV spectrum of C;N, below 200 nm.!* Halpern, Miller, and
Okabe have measured the absorption cross sections of HC,CN
in the UV and the heat of formation of C;N.!5 Bruston et al.'¢
measured the UV absorption cross sections of cyanoacetylene at
approximately the same resolution as Job and King'? and much
higher resolution than Halpern et al.!s used. They point out that

Y Present address: Lawrence Livermore National Laboratorics, Livermore,
CA.

tPresent address: Dalian Institute of Chemical Physics, Dalian, People’s
chublic of China.

Present address: Department of Chemistry, University of California,
Davic CA

the presence in the spectrum of Av, = +2,+4and o, = 1~ v’
= | transitions establishes the 230-nm system as XSt — A'A
Above 195 nm, their absorption coefficients agree with those of
ref 15 but are lower at shorter wavelengths, probably because of
oxygen molecule interferences in the latter paper.

Seki studied emission from cyanoacetylene.!” He varied the
excitation frequency from 265 to 215 nm and recorded the dis-
persed emission. In the region from 265 to 250 nm, relatively
strong direct fluorescence was seen centered at the irradiation
wavelength. Following excitation below 230 nm, there was a broad
emission between 300 and 400 nm. In addition, there was a sharp
peak at the excitation wavelength that was attributed to scattered
light; however, no such scattering was seen at 240 nm where the
absorption cross section is zero. The total emission following
excitation below 240 nm was much lower than that above 250
nm, even though the peak absorptions are much larger at the lower
wavelengths. This is understandable because the dissociation limit
of HC;N to H + C;N is 244 nm.'?

Experimental Section

The experimental apparatus has been described in detail
elsewhere.’ An ArF excimer laser (Lambda Physik EMG101)
was used to photolyze gas samples in a static reaction cell and
in an effusive molecular beam. The CN (X?Z*) fragments formed
in the photolysis were detected by LIF of the CN (B2Z+ — X2ZY)

(1) Moreau, C.; Bongrand, J. C. Ann. Chim. (Paris) 1920, 14, 47.

(2) Moreau, C.; Bongrand, J. C. Ann. Chim. (Paris) 1920, 14, 5.
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Lert. 1976, 44, 131.
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Figure 1. Temporal profile of the total emission signal following the
photolysis of HC,CN by an unfocused ArF laser of 50 mJ/cm? fluence.
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Figure 2. Dispersed fluorescence from the high-intensity photolysis of
HC,CN in the initial part of the temporal profile shown in Figure 1.

violet system. The LIF was excited by a nitrogen-laser-pumped
dye laser. The nitrogen laser could be pulsed at an arbitrary and
adjustable delay after the excimer laser.

The fluorescence excited in the interaction region was detected
by a photomultiplier tube (EMI 9789QB) placed at right angles
to both the molecular beam and the lasers. The fluorescence was
averaged by a boxcar analyzer (PAR 160). In early experiments,
the signal was displayed on a strip-chart recorder. Later ex-
periments recorded the signal in a [BM PC/XT-based data ac-
quisition system designed in our laboratory. Direct fluorescence
from multiphoton excited fragments was measured through a
0.25-m monochromator (Jobin-Yvon H20-UV) with a slit width
of 1 mm and a dispersion of 4 nm/mm. The LIF signal was
measured with an appropriate band-pass filter between the pho-
tomultiplier and the cell.

The excimer laser power was monitored by a Scientech power
meter. Corrections were made for variation in the dye and excimer
laser intensities.

The HC,CN sample, synthesized by the method of Moreau and
Bongrand! as modified by Miller and Lemmon,'® was furnished
by Dr. Hideo Okabe. C N, was synthesized by the method of
Moreau and Bongrand.? GC/MS analysis of both samples showed
no impurities.

Results

A. Photolysis of Cyanoacetylene. Photodissociation of HC,CN
in a static gas cell at a pressure of 20 mTorr with 50 mJ Jcm? of
ArF laser light produced a fairly strong fluorescence. Figure 1
shows the temporal profile of the total fluorescence with a reso-
fution of 30 ns. The vertical scale has been expanded to emphasize
the weak emission. There is a strong fluorescence with a lifetime
of about 250 ns followed by a weak emission with a 3-us lifetime.
The actual decay of the sharp peak may be faster but is broadened
by a jitter of about 50 ns in the firing of the excimer laser due
to an old thyratron. In any case, the bimodal characteristic of
the fluorescence decay is evident.

Figure 2 shows the dispersed fluorescence about 100 ns after
the excimer laser fired. This spectrum is dominated by the CN
(BXL* — X23°*) violet bands. Their intensity varies as the second

(19) Miller, F. A.; Lemmon, D. H. Spectrochim. Acta, Part A 1967, 23,
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Figure 3. LIF spcctré of ground-state CN fragments produced in the
photolysis of HC,CN at 193 nm. The laser fluence was 50 mJ/cm?.
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Figure 4. Quantum-state distribution of CN v” =0 from the photolysis
of HC,CN at high laser energy.

power of the laser flux. There is also some emission from the C,
(c’m, — a’m;) Swan bands. The fluorescence at times greater
than 1 us after the photolysis was much weaker. Most of this
slower decaying emission appears in the CN violet system.

The strong peak between 380 and 390 nm comes from the Av
= 0 progression of the CN violet system. Weaker, associated Av
= +1 and ~1 progressions of this system can be seen at 360 and
415 nm. The peaks between 390 and 410 nm are from excited
C,. Some other bands from C, would be hidden below the CN
violet bands, and we saw emission between 460 and 480 nm.

The lifetime of the C, Swan transitions is 170 ns,2 which would
fall into the region of the fast emission in Figure 1. Black carbon
deposits on the window are also consistent with C, production.
We have not used LIF to look for ground-state C; or C, in the
alr state.

LIF measurements of the rotational and vibrational distribution
of the CN (X2Z*) fragments have been performed at a variety
of dissociating laser intensities. The delay time between the
excimer and the dye laser was fixed at 500 ns, which maintained
a collision-free condition while eliminating interference from the
immediate fluorescence. As seen in Figure 3, vibrationally and
rotationally hot excitation spectra were observed after photolysis
at the highest laser intensity (50 mJ/cm?). The nascent quan-
tum-state distributions are shown in Figure 4. The LIF signal
of CN in the »” = 1 level varies as the second power of the excimer
laser intensity. Figure 5 shows that the population.of levels other
than v” = 0 disappeared when the excimer laser intensity was
decreased to 1 mJ/cm?. Dramatic changes were seen in the
rotational envelope of the excitation spectrum. Under these
conditions, both vibrational and rotational distributions were cold.
Bandheads and lines in the 1~1 and 2-2 bands disappeared into
the noise. The intensity of this LIF spectrum increased linearly
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Photochemistry of Cyano- and Dicyanoacetylene at 193 nm
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Figure 5. LIF spectrum of ground-state CN v =0 fragments following
jow-intensity photolysis (1 mJ/cm?).
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Figure 6. Quantum-state distribution of CN 0" = 0 as measured from
the spectrum shown in Figure 5. There was no population of the v” =
| levels at this photolysis intensity.
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Figure 7. LIF spectra of CN fragments from the photolysis of C,N, at
193 nm under conditions of low laser intensity.

with the laser flux. The spectrum of Figure 5 can be converted
into the quantum-state distribution shown in Figure 6.

B. Photolysis of Dicyanoacetylene. The direct fluorescence
from the photolysis of C4N; at 193 nm was much weaker than
that observed from HC,CN photolysis under similar conditions.
On the other hand, the LIF signals from CN (X2Z*) were much
stronger than those seen following HC,CN photolysis. As a result
of this, the fluorescence could be ignored when the ArF laser power
was kept below a 20 mJ/cm? pulse. The LIF spectrum of the CN
product is shown in Figure 7, and the Boltzmann-like fits to the
observed quantum-state distributions are shown in Figure 8. The
latter are single-exponential functions described by thermodynamic
temperatures of 1400 and 1220 £ 60 K for CN fragments in the
v” =0 and 1 levels, respectively.

Discussion

A. Cyanoacetylene. The absorption spectrum of cyanoacetylene
between 260 and 200 nm has been studied by Job and King,'2!?
and the vacuum-UYV absorption between 165 and 105 nm has been
examined by Conners et al.'* Job and King found a structured,
but very weak, absorption system at 260 nm and a stronger system,
described as a structured continuum, starting at 230 nm and
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Figure 8. Quantum-state distribution of CN as measured from the
spectrum shown in Figure 7. Filled symbols refer to the popuiation in
the ¢” = 0 level, and open symbols refer to the population in the v’ =
1 level.

TABLE I: Heats of Formation and Heats of Reaction for ~
Ground-State Molecules and Radicals

AH.° AHS
species formed kJ/mol species formed kJ/mol
HC,CN 356 = 4 C, 82933
C.N, 533 & 4% G, 833 £ 1.5
H 216.03 % 0.004 C3N 629 £ 17"*
CN 422 £ 4 N 471 £ 4
C,H 531 £ 1
reaction AHg, kJ/mol threshold. nm
HC,CH Av — H + C;N 490 244
— CN(X) + C;H 599 200
C4N,; + hv — CN(X) + ;N 515 232
C;N + hy — C, + CN(X) 621 193
—-Cy+ N 656 182

3 All heats of formation are from ref 24 unless otherwise noted.

extending to lower wavelengths. It was noted that the 260-nm
bands became diffuse below 240 nm. The 230-nm system of
cyanoacetylene consists of a number of diffuse sets of bands with
a spacing of 2100 cm™ between the sets. The 2100-cm™ interval
corresponds to the excited-state stretching frequency »,. The bands
have a half-width of 5 cm™ at 230 nm, which increases to 25 cm™
at 200 om.

Job and King's assignments can be extended to show that the
state excited by the 1-nm-bandwidth ArF laser at 193 nm is the
240'5," level at 51821 cm™. This lies 2120 cm™ above the
assigned 2924,'S,! level at 49701 cm™. The forbidden 'Z* —'A
transition is made allowed by excitation of v, modes.

Because of the similarity of the low-frequency bending modes
in the ground and excited state, the ArF laser also excites some
hot bands in the room-temperature gas. The absorption at the
ArF frequency has been measured by us, using a 0.1-nm resolution
spectrophotometer's and by Bruston et al.'® using a purged

“ monochromator at 0.02-nm resolution. In addition to the vibronic

structure, there is a relatively strong continuum, rising smoothly
from 230 nm. At 193 nm, the absorption of cyanoacetylene is
2.4 X 1079 cm?2.'®* Most of this is a continuum contribution.

The thermochemistry of cyano- and dicyanoacetylene is sum-
marized in Table I. Energetically altowed single-photon photolysis
processes for cyanoacetylene photolysis at 193 nm are as follows:

HC,CN + hv — C,H + CN AH =599 £ 4 kJ/mol (1)

HC,CN + hv = H + C,CN  AH = 490 £ 21 kJ/mol
(2)

AH = 609 + 17 kJ /mol
3

The heat of reaction 2 is based on our measurement of the heat
of formation of C;N from the photodissociative excitation of
C,N,.!5 The thresholds for processes 1-3 are 200, 244, and 196
nm, respectively.

Reaction 3, in addition to being the most endothermic, requires
a rearrangement of the molecular structure. Recause the excited

HC,CN + hv — HCN + C,
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state is linear. there should be a substantial barrigr in this channel.
Thus. we consider it justified to neglect reaction 3.

The width of the vibrational bands increases smoothly from
230 nm down without sudden large increases at the thresholds
of processes | and 3. Although the absorption of HC,CN at 193
nm is four times stronger than that of C4N,, the CN LIF signal
following HC,CN photolysis is much weaker. Therefore, it is clear
that process 2 is the main contributor to dissociation at 193 nm
and at all wavelengths above 190 nm as was suggested in ref 15.
The branching ratio between channels | and 2 was found to be
1:20 at 193 nm."S

Absorption of a second photon by C;N would lead to

C,CN + hy = C, + CN  AH =621 £25ki/mol  (4)

with a threshold of 193 nm for ground-state C,CN.

CN can only be produced in the lowest vibrational level fol-
lowing 193-nm photolysis via reactions I and 4. With respect to
193-nm photolysis. process 1 is 21 kJ/mol exothermic and process
4 is roughly thermoneutral, but with a large uncertainty. Thus,
no vibrational excitation of the CN stretch can be produced
directly from reactions | and 4.

Channel 2 is about 130 kJ/mol exothermic with respect to
193-nm photolysis, but again, there is a large associated uncer-
tainty. Some of this energy can remain in the CN fragment
following photolysis of C;N. The maximum energy available to
the CN fragment in the two-step sequential process 2 followed
by 4, would be 127 + 4 kJ/mol. It is barely energetically possible
that some of the CN could be produced in the excited (A%r)) state.

No vibrationally excited CN fragments are produced in the
"low-intensity photolysis. The intensity of the Ry (4) line varies
linearly with the photolysis laser intensity, indicative of a sin-
gle-photon process. Thus, process 1 appears to be the only source
of CN radicals at low photolysis energies. As shown in Figure
6, the quantum-state distribution of CN(X2Z*, »” = 0) fragments
can be fit by a Boitzman distribution with a temperature parameter
of 240 cm™ or 360 K (solid line), which is very close to the 300
K rotational temperature of the parent molecule.

We have attempted to reproduce the nascent CN radical ro-
tational-state distribution with a phase-space model similar to the
one developed by Eres and McDonald?' to model photolysis of

C,;N; at 193 nm. They obtained an excellent fit to the experi-
mental results, using an adjustable impact parameter of 0.25 nm.
We have reproduced their results for C,N, photolysis but found
that the best fit impact parameter is about 0.09 nm, close to the
equilibrium bond length. This difference is probably due to a
choice of reduced mass. We used the reduced mass for two CN
radicals, 13 amu, while Eres and McDonald appear to have used
the mass of a single CN radical. This model then becomes pa-
rameterless. In any case, the dissociation of C,N, produces CN
radicals with an almost statistical distribution of energy between
.rotation and translation. -

Little or no excess energy ends up in the rotation of the frag-
ments following the photolysis of HC;N. Intuitively, this shows
that the dissociation is linear and that there is no excitation of
bending modes in the transition. The best match to the phase-
space calculation is obtained when the impact parameter is 0.0075
nam (shown as the dashed line in Figure 6). The precision of the
fit is perhaps fortuitous, but the small size of the impact parameter
agrees with the above argument. Thus, along pathways leading
to CN + C,H in the region available to Franck~Condon excitation,
curvature in the bending coordinate of the potential energy surface
(PES) must be positive.

Figure 3 shows the vibrationally excited LIF spectrum obtained
following photolysis at high laser intensity. The rotational dis-
tributions are hot as can be seen from the absence of a clear band
gap between the Py, and Ry, bands. As can be seen-in Figure
4, the distribution can be fit by a Boltzmann distribution with
a temperature of 1000 cm™ or 1400 K. There is population in
rotational states at least as high as NV = 60.

(21) Xie, X.; McCrary, V. R.; Halpern, J. B.; Pugh, E.; Jackson, W. M.
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_ The process leading 1o the observed CN(X2Z*) distribution at
high laser intensities is most likely reaction 2 followed by 4. The
total excess energy available to the CN(X2Z*) after these two
steps is about 10656 + 1050 cm™'. Some of the excited radicals
have more than 7300 cm™ of rotational energy. which would be
a remnant of internal energy left in the C;N fragment after
reaction 2. The second-order dependence of the LIF signal for
higher vibrational and rotational levels is consistent with the
proposed sequential two-step mechanism.

Another energetically allowed channel that could lead to such
vibrationally and rotationally excited CN radicals would be si-
multaneous absorption of two photons in the cyanoacetylene.
Concerted dissociation to H + C, + CN is most unlikely. Such
a doubly excited state should first decompose to CN + C,H or
H + C;N. Enough energy could be left in the C,H or C;N
fragments to allow unimolecular dissociation of these fragments.
Still, at least some of the doubly excited HC;N should form CN
with much more vibrational and rotational excitation than was
observed.

At low intensities, channel 2 dominates over the process, leading
to vibrationally and rotationally excited CN by a factor of about
20.15 Channel 1 produces CN following absorption of a single
photon at all intensities. For reasons that have been dealt with
in detail in Xie et al.,?? ground-state CN radicals cannot absorb
a second photon at 193 nm. Only a few levels of the CN(A?r,)
state can do so, and the resulting fluorescence is well characterized,
leading to emission from the F and E states of CN. Even at the
highest intensities, no such direct emissions were seen after the

photolysis of either HC,CN or C4,N,. The 193-nm HC,CN |

absorption cross section is 2.4 X 1071 cm?,'6 so even at the highest
laser intensities, less than 1% of the HC,CN molecules will be
photolyzed via reactions 1 and 2.

If the mechanism producing the hot CN radicals is sequential
absorption of two photons by cyanoacetylene, then the effective
cross section for absorption of a second photon includes a factor
that is the ratio between the laser pulse length and the lifetime
of the excited state reached by absorption of the first photon. The
bandwidth of lines at 193 nm corresponds to a lifetime of less than
1 ps. However, most of the absorption is from an underlying
continuum (i.e.. from shorter lived states).

Simple kinetics shows that the ratio of CN produced by the
one-photon process to that produced by either the sequential
two-step process of reaction 1 followed by reaction 4 or the se-
quential absorption of two photons by the cyanoacetylene will be

R = (91/9)(0:E105e)™ (5)

where ¢; is the relative quantum yield of reaction / and o; the cross
section for absorption of the second photon. g,/q, is about 0.05
at 193 nm.

At a laser flux of 5 X 10" photons/{cm>pulse), channel 1

-dominates and R is at least 10. This has been estimated by

comparing the amounts of vibrationally excited CN in Figure 3
(high-intensity photolysis) and Figure 5 (low-intensity photolysis).
Increasing the flux by | order of magnitude increased the relative
yield of radicals from the two-photon mechanism above that from
channel 1. If the high-intensity channel were sequential absorption
of two photons by HC;N, the absorption cross section would be
greater than 107'* cm?, which is unrealistically large.

On the other hand, the sequential processes of reaction 2
followed by reaction 4 yields crude limits for the 193-nm ab-
sorption of C,;CN of between 1 X 1078 and 5 X 107!7 cm?. The
branching between reactions 1 and 2 accounts for the much smaller
LIF signal when HC,CN is photolyzed as against when C4N, is
irradiated.

Excited fragments are also created in the photolysis. Ther-
mochemically, absorption of at least two photons is needed to form

(22) Eres, D.; Gurnick, M.; McDonald, J. D. J. Chem. Phys. 1984, 81,
5552.

(23) Armstrong, G. T.; Marantz, S. J. Phys. Chem. 1960, 64, 1776,
N _(24) O!(g!_x, H. Photochemistry of Small Molecules;, Wiley: New York,
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Photochemistry of Cyano- and Dicyanoacetylene at 193 nm

excited radicals. Production of CN(BZZ*) can only proceed via
the two-photon process

HC,CN + 2hv — C,H + CN(B?Z*) AH = -332 kJ /mol

(6)
or the overall three-photon process of reaction 2 followed by

C,CN + 2hw — C, + CN(B2Z*)  AH = -322 kJ/mol
(©))]

or the three-photon process

HC,CN + 3hw — H + C, + CN(BXZ*)  AH =
-442 kJ /mol (8)

where we have included the energy of the necessary 193-nm
photons in the heats of reaction.

Figures | and 2 show that the emission is dominated by the
CN violet system. There is also some emission observed at
positions corresponding to lines in the Swan bands of C,. The
intensity of the CN (B2Z* — X2Z*) fluorescence varies as the
second power of the laser intensity. This favors the direct two-
photon absorption mechanism as the source of excited CN.
Dissociation of C;N to excited CN would require three photons
overall. Moreover, if this were the mechanism, the same pattern
and strength of emission should be seen following the photolysis
of C¢N,. The direct emission following the high-energy photolysis
of C4N, is much lower than that seen after the photolysis of HC;N.

B. Dicyanoacetylene. The UV absorption spectrum of C;N,
has been studied by Miller and Hannon,' and the vacuum-UV
spectrum has been studied by Conners, Roebber, and Weiss.!* As
for HC,CN, Miller and Hannon found that there are two UV
absorption systems in C4,N,, a weak, red degraded system starting
at 280 nm and a stronger system starting at 264 am. They list
four bands of this system centered at 264, 250, 237, and 226 nm.
No other bands are listed, but there is a notation that the spec-
trophotometer that was used could not maintain its narrowest
resolution (0.1 nm) for the last band. There is some possibility
that the lamp was running out of intensity below 225 nm, and
there may be one or more bands further to the blue. The band
at 250 nm is by far the strongest.

Miller and Hannon were able to resolve sharp vibrational
structures in the 280-nm system using a 2-m spectrograph with
a 0.52 nm/mm dispersion, but in no case did they have enough
resolution to measure rotational structure. Judging from the
low-resolution spectrum and assignments, the bands at 264 and
250 nm are equally sharp, while the 237-nm band is only a bit
more diffuse and the 226-nm band is obviously broadened. None
of this is conclusive as to the dissociation limit, but it is consistent
with the thermochemical limit measured in ref 15.

Conners et al. see an irregular absorption growing from 50100
to 55000 cm™ (198 to 180 nm) where a far stronger system begins.
They offer no assignment, but using a CNDO/2 method SCF-MO
calculation, they find that there are five possible states in the region
that may be responsible for this absorption. Briefly, they are 27,
'A,, 127, 'A, (different from the pair of the same symmetries
responsible for the 264 absorption), and 'Z,. The 198-nm ab-
sorption is not broadened by many atmospheres of helium so it
is a valence transition. The absorption cross section at 193 nm
is about 1 X 107 em2. From the shape of the spectrum, this
absorption is not a continuation of the 264-nm system, and indeed
the peaks do not fall where one would expect the v, progression
of the 264 system. The electronic origin of this third electronic
state must be near 198 nm. Absorption at 193 nm (51813 cm™)
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would not excite any high-frequency stretching modes (#,-v5) of
the C,N, but might involve excitation of a few low-frequency
stretches and, of course. thermally excited hot bands of such
modes. For most of the possible electronic species, at least |
quanta of the m, v or v, modes would have to be excited to make
the transition vibrationally allowed.

[n the photolysis of C4Nj, the first step will be

C.N; + v — CN + C;N AH = 515 £ 6 kJ/mol %

followed, possibly, by reaction 4. At 193 nm, process 9 would
leave 8723 cm™! of excess energy in the modes of motion of the
fragments. The thermochemical threshold is 232 + | nm."
Excited CN could be formed by the two-photon excitation of C4N,
or reaction 7.

The photolysis of thermal C;N; at 193 nm produced a fairly
strong CN(X?Z*) LIF signal. The signal intensity in the bandhead
region was measured as a function of laser intensity and found
to be linear. This confirms the photolytic reaction 9 as the primary
process. Thermochemically, the CN fragment can have up to 8700
cm™! of excess energy. The LIF spectrum shows that CN (X2Z*)
is formed in v” = 0 and -1 levels. Little or no population is seen
in higher vibrational levels. Vibrational population distributions
are probably controlled by Franck—Condon factors in the parent
molecule. The populated state with the highest internal energy
has between 3000 and 3500 cm™'. About 36% of the CN is created
in the v” = 1 level. We have attempted to match the measured
distributions with a phase-space calculation. The best matches
are found with an impact parameter of 0.03 nm, assuming no
vibrational excitation of the C;N fragment. Higher values of the
impact parameter partition too much energy to rotation. This
indicates that either the dissociation is linear, or that about half
of the energy is partitioned to vibrational excitation of the C;N
fragment. :

Conclusions

The single-photon photolysis mechanism of cyano- and di-
cyanoacetylene has been studied. Quantum-state distributions
of CN fragments have been measured. Muitiphoton photolysis
schemes of these two molecules have also been determined and
some characteristics of the fragments measured.

[t has been shown that secondary photolysis of the C;N radical
leads to the formation of CN radicals, from which we infer that
the photolysis is also a source of C, radicals. Some excited C,
has been seen as a product of simultaneous absorption of two
photons by the HC;N. An estimate of the cross section of the
C;N radical at 193 nm has been made. .

Cyanoacetylene is commonly found in the interstellar medium,
nitrogen—methane atmospheres, and probably in comets. On a
simple calculation, it should be the second most common odd
nitrogen species in these environments. A simple, two-step pho-
todissociation of cyanoacetylene has been shown to lead to for-
mation of both C, and CN radicals.
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Detection of Cx(8' 12} in the multiphoton dissociation of acetylene

at 193 nm
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Various electronic states of C, have previously been
identified in the following two-photon sequential photo-
chemical process'

C,H, + hvig93 om —~C;H + H,
CH + hvig; oo = C, + H.

The existence of C,(A4 'Il,) as a primary photofrag-
ment was established early on by the observation of the Phil-
lips band (4 'TI,-X '=;" ) emission upon photolysis.” Sub-
sequent experiments using laser-induced fluorescence
(LIF)? showed the presence of nascent C,(a 3[1,), whereas
REMPI detection schemes have verified the formation of
both C,(B'A,) and C,(b*%;).* The existence of
C,(B''2;") has been predicted theoretically for a number
of years,>~” but has only recently been observed experimen-
tally.® Using a high-resolution FTIR spectrometer, Douay et
al. recorded the C,(B' '2;" -4 'I1, ) emission spectra excit-
ed during a microwave discharge in various hydrocarbon
mixtures. Subsequent line position analysis allowed the first
derivation of precise molecular constants for the B' '2;}
state. We report here the first observation of C,(B’ 'E;" ) in
the two-step 193 nm photolysis of C,H,, which is the highest
lying electronic state of C, detected to date in this process.

The nascent C,(B’ '2; , " = 0,1,2) radicals were pro-
duced by the two-photon sequential dissociation of acetylene

in a supersonic jet. The molecular beam was formed by ex-
panding acetylene (Matheson, 99.6%, purified using a dry
ice/acetone slush trap) through the 0.5 mm orifice of a New-
port BV-100 pulsed valve, operated at a source pressure of
200 Torr. Approximately 5 mJ of light from a 193 nm ex-
cimer laser (Lambda Physik EMG101MSC) was focused
using a 38-cm focal length UV fused silica lens prior to inter-
secting the jet expansion at 90°, ~ 10 nozzle diameters down-
stream from the exit plane of the nozzle. The C, fragments
are detected by laser-induced fluorescence, using a XeCl ex-
cimer pumped tunable dye laser (Lambda Physik
EMG101MSC/FL2002) operated with DMQ in dioxane to
excite the D '2}-B' 'S transition at ~356 nm. The dye
laser also intersects the molecular beam at 90°, and spatially
overlaps the focal point of the photolysis laser. Fluorescence
from the Mulliken system (D '2}-X'2}) was collected
normal to the plane formed by the axes of the dye laser and
molecular beam, isolated with a 25 nm FWHM interference
filter centered at 239 nm (Corion), and imaged onto the
cathode of a Thorn-EMI 9789QB photomultiplier tube. The
PMT signal was processed by an Evans 4130A gated integra-
tor, whose output was digitized, averaged, and stored using a
Laser Interfaces L11000 series data acquisition system. The
PC-XT based LI1000 also served as the experimental time
base, providing programmable timers necessary to trigger
the various instruments.
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FIG. 1. LIF spectrum of
C,(B' 'S, ) produced during the
photodissociation  of  jet-cooled
C,H..
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The partial C,(B' '=;" ) LIF spectrum is shown in Fig.
1. Assignment of the spectral lines was made using the mo-
lecular constants of Douay et al. (B’ Dy )8 and Herzberg
(D '3 ;). Clearly evident in the spectrum are the lack of a
Qbranch and the absence of odd-numbered rotational lines.
These are the expected spectral features of a '=-'Z transi-
tion in-a homonuclear diatomic molecule with zero nuclear
spin. It should also be noted that the spectrum was taken by
saturating the D '=}-B' '2." transition in order to maxi-
mize the observed LIF signal.

Detailed measurement of the C,(B’ =5 rotational
and vibrational populations is currently in progress. A dis-
cussion of their implications to the dynamics of acetylene
dissociation is forthcoming.

This work was supported by the Planetary Atmospheres
Program of NASA under Grant No. NAGW-903.
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The rotational cutoff levels of C,(B’ 'Z;, v =1, 2), produced in the multiphoton dissociation of jet-cooled acetylene at 193
nm, have been measured using laser-induced fluorescence. This data is used to calculate the values AHo(C,)=194.8 +0.5 kcal/
mol and Dy(CC~H)=112.010.8 kcal/mol, in excellent agreement with the latest theoretical calculations.

1. Introduction

Recently Ervin et al. 1] reported on the C-H bond
dissociation energies of acetylene, ethylene, and the
vinyl radical, which were derived from their studies
of negative ion photoelectron spectroscopy and gas
phase proton transfer kinetics. The recommended
values for AH;o(C,) and Do(CC-H) are given to be
199.0+2.5 and 116.3%2.6 kcal/mol, respectively,
with Do (CC-H) being critically dependent upon the
value of AH¢o(C,). Newly published theoretical cal-
culations by Bauschlicher and Langhoff predict
Do(CC-H) at 112.4+2.0 kcal/mol [2], just within
the error bars of the experimental value. Due to the
importance of thermodynamic data for these simple
radicals in combustion and astrophysics, accurate
experimental values for these quantities are needed.
Not only will more accurate experimental data help
in the modeling of combustion and astrophysical
systems, but it will also allow the theorist to better
calibrate the computational methods used to calcu-
late such quantities. .

In a previous communication [3], we reported the
first observation of C,(B’'Z;} ) in the photolysis of
acetylene. Since the B’ ‘2; is the highest lying elec-
tronic state of C, yet detected in the two-photon dis-
sociation of jet-cooled acetylene at 193 nm, locating
the high-J cutoffs enables the accurate measure-
ments of C, fragments with maximum internal en-

ergy. In this Letter, we report our measurement of
the C,(B''E}) ro-vibrational cutoff levels, from
which we were able to derive firm upper limits for
AH;(C5) and Do(CC-H) with uncertainties that are
far below those previously reported.

2. Experimental

The experimental conditions used were similar to
those described earlier {3] with only a few minor
changes, and are briefly summarized here. The pulsed
supersonic jet was formed by expanding 200 Torr of
neat acetylene (purified using a dry ice/acetone slush
trap) through the 0.5 mm orifice of a Newport BV-
100 pulsed valve. Light from both an ArF excimer
and a tunable dye laser spatially overlap while cross-
ing the expansion at 90°, =20 nozzle diameters
downstream from the valve orifice. The ~ 5 mJ pho-
tolysis laser beam (Lambda Physik EMG101MSC)
was focused using a 38 cm focal length UV fused sil-
ica lens. The XeCl-pumped tunable dye laser
(Lambda Physik EMG101MSC/ FL2002) operated
with a dye mixture of PTP and DMQ in dioxane,
and was used to excite the C,(D 'EF -B''Z ) tran-
sition. Subsequent Mulliken band emission
(D'EF-X'Z} ) was collected by a lens set normal
to the plane formed by the intersection of the dye
laser and molecular beam axes. This fluorescence was
isolated from other scattered light by a 25 nm fwhm
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interference filter centered at 239 nm (Corion), and
detected with a photomultiplier tube (Thorn-EMI
9789QB). The signal from the PMT was processed
by a gated integrator (Evans 4130A), digitized, av-
eraged, and stored in a PC-XT computer.

3. Results and discussion

A portion of the LIF spectrum obtained in the
manner described above is given in fig. 1. This figure
shows the high rotational level cutoffs in both the
v" =1 and 2 vibrational levels. The Jy.x positions
were determined after assigning the spectrum using
the constants for the B’ 'Z} state obtained by Douay
etal. [4] and those for the D'Z]} state of Huber and
Herzberg [ 5]. For the v” =1 and 2 vibrational levels,
J .. Was found to be 34 and 14, respectively.

By considering the following reaction scheme:

C2H2 +hV|93nm—7H+C2H N
C2H+hV|93nm—>H+C2(B' IZ; s U J) s
the upper limits for AH;4(C,) and Dy(CC-H) can

R11(36)

CHEMICAL PHYSICS LETTERS

29 March 1991

be determined from the following equations:

AH;0(C3) <2hv1930m + AHto(C2Hz)
—2AHo(H) - T,[C:(B" 'Z{ )]
~B,[C2(B"'Z ) Winax (Jmax +1)

Dy (CC-H) <2hV,930m
—Do(HCC-H) ~T,{C(B’ T)1
—B,[C2(B"'Z) Mmax (Jmax 1) -

Using the C,(B’ 'Zg ) molecular constants derived
by Douay et al. [4] and the values AH;o(CH3)
=54.68+0.17 kcal/mol, AH;o(H)=51.6336%
0.0014 kcal/mol, and Do(HCC-H)=131.3% 0.7
kcal/mol [ 1], one can calculate AH;o(C,) = 194.8 +
0.5 kcal/mol and Do(CC-H)=1121+0.8 kcal/mol.
The quoted errors in both these values reflect the 0.8
nm bandwidth of the ArF laser, as well as the ad-
ditional 0.17 kcal/mol uncertainty in AHgo(C,H,)
for AHo(C,), and the 0.7 kcal/mol uncertainty in
Do(HCC-H) for Do(CC-H).

Table 1 summarizes our measured values for
AH;o(C,) and Do(CC-H) along with some previous

R11(34)

| — T T T T T ¥
3447.0 3448.0 3449.0 3450.0

Y T T
3451.0 3452.0

T T T 1
3453.0 3454.0 3455.0

Rzz(16) Rg2(14)
| T M T M T M T T 1
3456.0 3457.0 3458.0 3459.0 3460.0 3461.0 3462.0

Wavelength / A

Fig. 1. Region of the C,(B’ 13} ) LIF spectrum highlighting the high-J cutoffs in the (1, 1) and (2, 2) vibrational bands. Most of the
numerous unmarked lines appear due to an unidentified transition, and are currently under investigation.
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Table | :
Bond dissociation energies and heats of formation

Species AHgo D, Ref.
(kcal/mol) (kcal/mol)
C, 194.810.5 145.2+0.5 this work (exp.)
199.0£2.5 141.0+2.5 (1]
1422425 [61 (exp.)
143.2+2.3 [7] (theor.)
C,H 112.0£0.8 this work (exp.)
134.3+0.7 116.3+£2.6 [1] (exp.)
(112.1%£0.9) [
134.0+4.7 1124420 [2] (theor.)

) Value if AH;o(C,) measured in this work is used.

experimental data determined by others and the lat-
est theoretical values for these constants. Our value
for AH;o(C,) is markedly lower than that adopted
by Ervin et al. [1], which in turn leads to a signif-
icantly higher value for Dy(C,). Bauschlicher and
Langhoff [2] have already pointed out that
AHo(Cy)=199.01 2.5 kcal/mol was probably too
high, and the present experiments confirm this. We
note that both the earlier experimental [6] and lat-
est theoretical [7] values for Dy(C,) are in better
agreement with our result than they are with the value
adopted by Ervin et al.

The agreement between our value for Dy (CC-H)
and the theoretical value is excellent. There is clearly
less of a consensus between our value for Dy(CC-H)
and that of Ervin et al., but these results can also be
reconciled if the AH;o(C,) determined in this work
is used to recalculate Dy(CC-H) from their exper-
imental results.

In order to clarify the accuracy of the current mea-
surements, one must consider the effects of the var-
ious possible sources of error. These include the ex-
istence of rotational levels higher than the observed
cutoffs, the energy contained in H atom translational
motion, the excitation of hot bands in C,H,, and the
production of C, via a three-photon process.

Due to the zero nuclear spin of '2C, the next high-
est rotational level past the observed R,,(14) cutoff
would be the R,,(16) line. If we assume that
C,(B' '}, v"=2,J"=16) is produced at a concen-
tration below the sensitivity of LIF detection, then
the upper limit measured for AH;,(C,) would drop
by 0.3 kcal/mol. However, the R,,(16) line is
clearly not visible in the spectrum shown in fig. 1,
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which was taken under saturation conditions of the
C,(D'E}F-B''X}) transition. Since the S/N ratio
of the spectrum should allow easy identification of
any line with an intensity of less than even half the
R,,(14) and R,,(34), we conclude that the R,,(14)
and R;,(34) lines represent a cutoff in available en-
ergy rather than just the detection limit of the
experiment.

Another important consideration in the error
analysis is the magnitude of the correction necessary
to account for the translational energy carried by the
H atoms. Implicit in the calculation of AH;,(C,) and
Dy(CC-H) is the assumption that the corresponding
H atoms are produced with either little or no trans-
lational energy. However, strictly speaking, conser-
vation of angular momentum applied to the half-col-
lision event will impose a non-zero lower limit on
the H atom recoil velocity. The most stringent case
we must consider is the formation of C,(B''Z},
v" =1,J" =34), in which an impact parameter of 7.5
A is required for both dissociations, each producing
an H atom with x~0.5 kcal/mol translational recoil
energy. Impact parameters of this magnitude or even
larger are reasonable if we allow the dissociations to
occur with a distribution of impact parameters, thus
producing a corresponding distribution of H atom
translational energies. The dissociation forming
C,(B' 'Y}, v"=1,J"=34) would then necessarily
proceed via impact parameters and H atom energies
found at the upper and lower limits of their respec-
tive distributions. Although we cannot determine the
exact H atom recoil velocity coincident with the pro-
duction of a given ro-vibronic state of C,, any amount
of energy partitioned into this degree of freedom will
clearly lower the value calculated for AH¢o(C;).

The existence of another systematic error in the
present values is possible, if in the photolysis process
we are exciting hot bands in C,H,. We think that this
scenario is unlikely, since Wodtke and Lee [8] have
shown that the hot band signal leads to fast frag-
ments which would necessarily have very little in-
ternal energy. It would be rather perverse if the hot
bands made a substantial contribution to the pro-
duction of C,H fragments with a significant amount
of internal energy and very little recoil translational
energy.

Finally, the presence of the observed cutoff levels
due to a three-photon absorption process is dis-

427




Volume 178, number 4

counted on the basis that the resulting value of
AH;,(C,) would be unreasonably high by =148
kcal/mol.

4, Conclusions

We have derived new values for AH;(C,) and
Do(CC-H) from experimental measurements of the
ro-vibrational cutoffs in the LIF spectrum of
C,(B' 'Y} ), allowing the determination of Dy(C5).
The uncertainty in our measurements is less than
those in previously reported values since they are
based on a spectroscopic method. These newly de-
termined thermodynamic quantities now resolve any
conflict between previous theoretical and experi-
mental values, and confirm that current theoretical
techniques can provide accurate energies for these
small free radicals. They also provide additional ex-
perimental evidence for the use of Dy(HCC-H)
=131.3 kcal/mol, because one could not obtain such
agreement between these various quantities if the
smaller value of Do(HCC-H) =127 kcal/mol [9,10]
is used.

It should be noted that after the initial writing of
this paper, two new measurements [11,12] of
Do(HCC-H) have appeared which lend further sup-
port to the ~ 131 kcal/mol C-H bond dissociation
energy of acetylene.
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RECENT LABORATORY PHOTOCHEMICAL STUDIES AND THEIR
RELATIONSHIP TO THE PHOTOCHEMICAL FORMATION OF
COMETARY RADICALS

WILLIAM M. JACKSON
Department of Chemistry
University of California
Davis, California 95616
United States of America

ABSTRACT. Experimental laboratory techniques used in studying the photochemistry of
stable and unstable molecules are discussed. The laboratory evidence for the
photochemical formation of Cp from CoH, C3 from C3Hp, and NH from NHj is
presented. Other recent results obtained in laboratory studies of H2O, HaS, NH3, and
HCN are reported.

1. Introduction

The chemistry of comets is dominated by photochemistry (Wurm 1943, Mendis and
Houpis 1982), so it is natural that a review of laboratory studies as they relate to comets
should also be dominated by photochemistry. Most of the cometary photochemistry occurs
under conditions that are very different from the typical conditions used for laboratory
photochemical studies. In comets, the photochemical light source is the Sun, with a broad
spectral distribution that extends from 300 nm to 140 nm, with a secondary peak at
121.6 nm (Huebner and Carpenter 1979). The density of the gas is low enough that there
is a long time between collisions even in the collision regime of the coma, and a large
portion of the photochemistry occurs in the collisionless region of the coma. Secondary
photolysis of primary products can and often does occur in comets (Cochran 1985, O’Dell
et al. 1988), while in the laboratory, attempts are generally made to minimize this. A
comet’s conditions, of course, cannot really be duplicated in the laboratory, so itis
important that systematic laboratory studies of the important molecules are done so the
results can be intelligently applied to comets. This is a formidable task because of the wide
spectral range that must be covered, the transitory existence of some of the molecules, e.g.,
free radicals, that must be studied, and the unique internal energies of these molecules.
Every modern tool of the photochemist, including lasers and molecular beams, is required
to address this problem. Fortunately, there has been a tremendous increase in the
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experimental arsenal of the photochemist in recent years, and some of the important
questions can now be answered. In this short review, not all of the detailed knowledge
about photochemistry that has been recently obtained can be covered, but many good
reviews are available (Ashfold and Baggott 1987, Ashfold et al. 1979, Jackson and Okabe
1986, Leone 1982, Okabe 1978, Royal Society of Chemistry 1986, Sato 1986). Instead,
the key areas that apply to comets will be identified and discussed with a special emphasis
on how the experiments and their theoretical interpretations can be used to enhance our
understanding of the chemistry of comets.

Despite the fact there is general agreement that photochemistry is the most important
source of radicals in comets, there have been other models that include ion-molecule
reactions (Mendis and Houpis 1982). These models explain some of the ions, but are
unlikely to explain most of the neutrals (Mendis and Houpis 1982). One problem all of
these models have is accounting for the low-density fluid flow of the gas. Supersonic
expansion of the gas develops within a few hundred kilometers of the nucleus. Once this
happens, unless outside forces intervene, the molecules will not have a component of
velocity perpendicular to the flow that is large enough to maintain collisions. Itis
analogous to two boats moving in a fast flowing river—they will never collide unless there
is some turbulence, a rock, etc. The outside forces acting on the molecules flowing in
comets are solar photolysis and the solar wind, both of which take time to affect the gas.
When these outside forces finally couple to the gas, the density should be low enough that
most molecules will undergo only a few collisions.

In the balance of this review, the new experimental techniques of photochemistry
will be summarized briefly. This summary will be followed by a discussion of the use of
these techniques to study the fundamental photochemical processes that can lead to the
formation of cometary radicals such as Ca, C3, NH, CN, and SH.

2, New Experimental Techniques
2.1. TIME-OF-FLIGHT (TOF) PHOTOFRAGMENT SPECTROSCOPY

The most universal technique for the study of photochemistry is the TOF
photofragment spectroscopic technique. This technique combines the wavelength
specificity of lasers with molecular beams and the universal detection technique of mass
spectrometry. In its most elegant form, the TOF analysis is done as a function of angle so
that a momentum balance may be obtained for the two fragments (Wodtke and Lee 1987).
From this information, the center-of-mass recoil velocity vectors can be obtained, which
then define the amount of internal energy remaining in the fragments. The method requires
a fairly intense laser light and a mass spectrometer with a very low background pressure.
With this method, however, certain generalizations are possible about the photodissociation
process. ‘Molecules that undergo statistical types of dissociation such as predissociation
and internal conversion generally release very little of the available energy to the
translational degrees of freedom. Molecules that undergo direct dissociation or
predissociation into molecular fragments release a great deal of the available energy into the
translational recoil motion. The first generalization can be understood in terms of
unimolecular reaction theory. Molecules that undergo indirect dissociation and internal
conversion will tend to randomize the excitation energy into the internal degrees of
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freedom, resulting in the highest probability for dissociation to occur near the energy
threshold for the process. As a result, most of the fragments will have very little
translational energy and more internal energy.

In direct dissociation, the excited molecule is produced on the repulsive part of an
excited potential energy surface, which is significantly above the dissociation limit. Hence,
the fragments are produced with large amounts of translational energy. Predissociation into
molecular fragments generally requires the excited molecule to overcome an energy barrier
in the potential energy surface before it can rearrange itself into stable molecular fragments.
The barrier is generally higher than the threshold energy for dissociation, which results in
large amounts of translational recoil energy.

The basic disadvantage of this method is its requirement for an intense laser light
source. This means that it is difficult to study the effects of energy on the dissociation
process, which is particularly important for comets. The situation is further complicated by
the fact that the most important wavelength region for comets is below 200 nm where there
are few strong laser sources. As more intense vacuum ultraviolet (VUYV) laser sources or
new sources such as the Advanced Synchrotron Light Source become available, this
technique will be increasingly important for cometary studies. Already, as the discussion
on the formation of Co and C3 will show, some of the results that have been obtained with
this technique can be used to provide key information about some important cometary
molecules.

2.2. LASER-INDUCED FLUORESCENCE (LIF) STUDIES

The detection of photochemical fragments using the LIF method has been one of the
most successful experimental techniques used in photochemistry (Jackson 1973, Jackson
and Cody 1974). This technique has great sensitivity and can be used to detect and identify
very low concentrations of fragments formed during photodissociation. The internal
energy of the fragments can be characterized, and in favorable cases, the recoil velocity can
be measured by determining the Doppler profile of the line. Polarized lasers can be
employed to investigate the alignment of fragments during photodissociation, which in turn
provides information about the symmetry of the excited states of the parent molecules used
to produce the fragments. The use of polarized lasers for both dissociation and
characterization can also provide information about the correlation between the recoil
velocity vector, v, the electronic transition dipole vector, W, and the angular momentum
vector, J.

The LIF method does have its limitations, despite the wonderful information that
can be obtained when it is used. It can only be used for fragments that emit light after
being excited to the excited state by the laser. This is less of a problem for cometary
science than it is for chemistry in general, because some of the most important cometary
fragments—e.g., CH, Cp, OH, H, C, O, C3, NH3, CO*, Na+, Sp, and CS—meet this
criteria. It is often difficult to analyze a nascent radical spectrum, i.e., one obtained before
collisions, because of the complexity of the spectrum when the molecules are rotationally
and vibrationally excited. A spectrum can also be complex because of perturbations from
other excited states, while another may be complex because the internuclear axis changes
between the ground and excited state, resulting in its being spread over thousands of
angstroms. The CS molecule is an example of the former case, while the NH radical is an
example of the latter case. Finally, to obtain all of the information needed for comets, it is




316 W. M. JACKSON

still important to determine the photochemistry at a variety of wavelengths, because the
whole character of the photodissociation process may change within a few hundred
angstroms.

2.3. LASER IONIZATION TECHNIQUES

There are several classes of ionization techniques that can be used to study the
chemistry occurring during photodissociation. One of these is to use the multi-photon
jonization technique to characterize those fragments that do not emit light. In this method, a
visible laser is tuned to a wavelength that coincides with a single- or multi-photon
resonance in the fragment. After exciting the fragment to the excited state, another photon
is used to ionize the fragment. These ions may then be detected and characterized using
some type of mass analysis such as a quadrupole or a time-of-flight mass spectrometer.

Another type of ionization technique that can be employed in photochemical studies
is the single-photon ionization technique. This generally requires a laser in the VUV region
of the spectrum that has enough energy to jonize the fragments. After ionization, the
fragments may also be mass-analyzed so that they can be identified. If the laser is tunable,
it is often possible to obtain information about the internal energy distribution of the
fragments, if the rotational and vibrational states can be resolved.

Other variations on the ionization technique include photoelectron spectroscopy on
the recoiling photoelectron. This can often be used to identify the intermediate fragments,
as well as obtain information about their internal state.

Some of the same information that is obtained with the LIF method can be obtained
with the ionization methods. Time-of-flight analysis can be used to determine the velocity
distributions if complicating effects such as stray electric and magnetic fields and space
charges can be accounted for or minimized. .

Relative population measurements are often difficult to obtain using multi-photon
jonization techniques, because of fluctuations in laser power and unknown multi-photon
cross-sections. Similar problems can occur with the single photoionization techniques, .
because laser VUV light is generally obtained by a nonlinear process that reflects itself in
large variations of laser intensity. Despite these difficulties, much important and useful
information about photochemistry has been obtained using these methods.

3. Recent Photochemical Results

3.1. Cy FORMATION

Some time ago (Yamamoto 1981), it was suggested that the Cp radical was formed
in comets by the following mechanism:

CoHy, + hv - CH + H
CoH + hv - () + H

Analysis of the radial profiles from the Cy emission in comets (Cochran 1985, Jackson
1976, Yamamoto 1981) also suggests that a two-step photochemical mechanism is
required. Very recent data of O’Dell et al. (1988) suggest that the C emission can be
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caused by a three-step dissociation. If this is the case, it is not in accord with the present
proposal. It will require a second intermediate radical other than CoH, which in turn will
mean that further laboratory work will be required.

Emissions from the radicals C2(C1Hg) (McDonald et al. 1978), Cz(d3l'Ig) (Craig et
al. 1982, Jackson et al. 1978, Okabe 1975, Okabe et al. 1985), and CH(AZA) (Craig et al.
1982, Jackson et al. 1978) have been observed during laboratory experiments of the
193-nm laser photolysis of acetylene. There is not enough energy in a single laser photon
to produce these excited species, so they must have been produced by a multi-photon
process. Both infrared (Fletcher and Leone 1989, Shokoohi et al. 1986) and broadband
visible emissions (Ashfold et al. 1979, Becker et al. 1971, Saito et al. 1984, Stief et al.
1965, Urdahl et al. 1988) from the vibrationally and electronically excited CoH radical have
also been observed. Time-of-flight studies of the Cy and CoH fragments that are produced
during the 193-nm photolysis of CoHa have been performed (Wodtke and Lee 1983).
These studies show the primary photochemical process to be the production of the CoH
radical via the first reaction above. No evidence was found for the single-photon
production of Hp and Cy. Recently (Urdahl et al. 1988), LIF and time-resolved emission
studies have shown that the yields of Co(A1%y) and Ca(a3Zy) are much greater than the
yields of Cg(Cll'Ig) and Cz(d3Hg) radicals. An example of the nascent LIF spectra
obtained in these studies is shown in Figure 1. From the time-resolved emission, it was
suggested that the Cp(A1%,) and Cy(a3%,) radicals are formed from the same electronic
state of CoH. The Cz(X12g+) ground state has been probed by two-photon excitation to
the Cp_(Cll'Ig) state. The two-photon spectrum observed for C2(X12g+) from this process
is shown in Figure 2. This spectrum was only observed when the probe laser was delayed
10 microseconds after the photolysis laser, which indicates that the ground state of Cy is
probably being formed as a result of fluorescence from an excited state of the Cp radical.
We have recently used transient infrared spectroscopy to show that C2(b3E‘g—>a3Hu) is
also observed when CoH is photolyzed.

The postulate that Cp is formed from the photolysis of CoH was further checked by
photolyzing C2D5 and CF3CoH. As Figure 3 shows, in both cases, the Deslandres-
d’Azambuja could be excited using the LIF technique, indicating that the Cp molecule is
being produced. The only common fragment in all three molecules is the CoH radical,
which suggests that it is the source of the observed Cp.

The nascent distributions obtained from the LIF measurements of the Cp fragments
in the photodissociation of the above acetylene derivatives are illustrated in Figure 4. The
results indicate that there is very little difference between the observed distributions for the
various molecules. All of them are Boltzmann-like in character, indicating that dissociation
occurs via a statistical process. This in turn means that dissociation probably occurs via
predissociation or internal conversion to the ground state continuum. In such a process,
the nascent product state distributions may be calculated using a statistical theory such as
phase space theory or the modified phase space theory of Wittig (Buelow et al. 1986).
This is an extremely important result for cometary science because it means the dissociation
of this free radical in this particular electronic state can be described using these theories as
compared to more complex theories (Kresin and Lester 1986; Schinke 1988, 1989a,
1989b). As a result, if the spectroscopy and the electronic state of this radical are known,
the photochemistry in this particular band could, in principle, be theoretically calculated.

. The distributions in Figure 4 can be decomposed into two statistical distributions.
One of these distributions can be characterized by a temperature below room temperature,
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Figure 1. (a) The nascenf LIF Cy spectrum from the 193.3-nm photolysis of CoH
produced in the 193.3-nm photolysis of CoHa. (b) The nascent LIE spectrum of the Swan
system obtained from the photolysis of CoH formed in the 193-nm photolysis of CoHa.
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Figure 2. The two-photon spectrum of ground state C; is observed only after a 10-
microsecond delay, so it is not a nascent product.

and the other by a distribution above room temperature. There is very little change in either
of these distributions when the source of the CoH radical is changed. In the case of the
CFs radical, the C-C bond dissociation energy is smaller that it is in C2Hp or CyDy, yet the
distributions are very similar. Such a result is understandable on the basis of a statistical
theory, because most of the available energy comes when the second 193-nm photon is
absorbed. A dynamical explanation of the results should exhibit a more drastic change as
the masses change. If a CF3 radical recoils via a repulsive interaction from an excited
CE3C2H molecule, the CoH radical could exhibit a lot of rotational excitation, which in turn
should be reflected in the rotational excitation of the C radical. This is evidently not the
case in either this molecule or in the CoD molecule, in agreement with the notion of a
statistical dissociation in this absorption band.

The results described above depend upon the CoH radical being formed
vibrationally excited, because the theoretical calculations of Shiu et al. (1979) indicate that a
second photon does not have enough energy to excite a linear CoH fragment to an allowed
excited state. However, in the bent configuration, the energy of the excited state that
correlates to a Cp radical in the A2 is decreased, so that it could be accessed by a second
193-nm photon. Further experiments are required using vibrationally cold CoH radicals to
determine the wavelengths that can be used for dissociation. Vibrationally cold CoH
radicals are the type of radicals that should be present in comets.

This example illustrates the synergistic relationship between theory, and TOF and
LIF observations. It also illustrates how a systematic study using several molecules can
help us understand the photochemistry of free radicals.
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Figure 3. (a) The nascent LIF spectrum of C2 of the A1Z, state formed in the 193.3-nm
photolysis of CD formed in the 193.3-nm photolysis of CoDy. (b) The nascent LIF
spectrum of Cp of the A1z, state formed in the 193.3-nm photolysis of CoH formed in the

193.3-nm photo

lysis of CF3CoH. -
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Rotational Energy Distribution for the CQ(AIIIu, v''=0) Fragment
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Figure 4. Rotational distributions obtained from the LIF spectrum shown in Figures 1(a)
and 3.

It is interesting to compare the laboratory distribution with the rotationally resolved
C, distribution in the Swan bands obtained from comet Halley (Gredel et al. 1989). Itis
well-known that the observed rotational distribution of C3 in comets should be due to
resonance fluorescence excitation from solar radiation. The observations suggest that the
rotational temperature is lower on the nucleus that it is off the nucleus. It has been
suggested that this may be due to shielding of the solar radiation in the inner portion of the
coma of the comet by dust. O’Dell et al. (1988) have argued that this is not the case. An
alternate explanation is that the nucleus observations have a higher fraction of C) radicals
that have not undergone many fluorescent cycles and thus are reflective of the rotational
distributions originally produced as a result of the photodissociation process that produces
the Cp radical. The Cj radical should be particularly sensitive to this, since itis a
homonuclear molecule and it will not undergo pure rotational and vibrational transitions in
the infrared region. Thus, it will lose its original rotational distribution only by many
successive electronic transitions. Clearly, the nucleus spectra will have the highest number
of radicals that have undergone the least number of electronic transitions.

3.2. C3 FORMATION

The problem of C3 formation in comets has also attracted the attention of cometary
scientists for years (Marsden 1974). In comets, emission from the C3 radical is observed
before emission from the C; radicals as the comet approaches the Sun (Delsemme 19735,
Marsden 1974). This radical is probably formed as a result of secondary photolysis of a
primary photolytic product, because laboratory investigations indicate that there are no
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likely parent molecules that could produce these radicals in a single photochemical step 3
(Jackson 1976, 1982; Payne and Stief 1972). The experiments described above provided :
firm evidence for the production of Cy radicals from the photolysis of CoH during the high-
intensity photolysis of CoHp. Yet there have been no reports of similar evidence for the C3
radical. In this section, the results of new experiments will be presented that provide direct
confirmation for the production of C3 via the secondary photolysis of the C3Hp radical.
The results of these experiments, along with the results of previous experiments, will be
discussed in terms of their cometary implications.

The allene molecule, C3Hg, was chosen as a likely candidate for a parent molecule
that may photodecompose to a C3Hy intermediate, which in turn could absorb a photon to
produce the C3 radical. Earlier infrared (IR) diode laser absorption studies had indicated
that this radical is present in a system in which allene is photolyzed with an ArF laser at
193 nm (Matsumura et al. 1988). The conditions under which these experiments were
performed did not permit the determination of the photochemistry occurring in the system.

The absorption spectrum of allene (Rabalais et al. 1971) extends up to 260 nm,
which means that it overlaps the strong ultraviolet (UV) solar spectrum and suggests this
molecule may have a short photochemical lifetime. This is certainly desirable if the C3
radical is to be produced in comets by the photolysis of a radical produced in the initial
photolysis of CoHa.

Time-of-flight experiments were performed using two different molecular beam
machines. One of these machines is a rotating source machine (RSM), which was
specifically designed for photochemical studies (Wodtke and Lee 1987), and was used to
detect fragments with masses from m/e = 12 to 39, Inthe RSM, the allene is seeded in a
He carrier gas, and it has a beam velocity of 2 X 105 cm/s. The other beam machine that
was used was optimized for the detection of H and Hy (Continetti 1989), and it employs an
unseeded pulsed molecular beam of pure allene. The speed of this beam is about
8 x 104 cm/s, and this machine is designated as the hydrogen beam machine (HBM).

In the RSM, fragment ions with m/e’s = 39, 38, 37, 36, and 26 are observed at
scattering angles from 7° to 30°. No mass 40 is observed at these angles, proving that the
radicals that are observed are not the result of photofragmentation of dimers. A typical set
of TOF spectra for masses 39, 38, 37, 36, and 26 that were obtained in these experiments
is shown in Figures 5, 6, 7, 8, and 9. .

The observation of mass 39 unequivocally shows that the C3H3 radical is formed as
a primary reaction product in the photolysis of allene. Masses 38, 37, 36, and 26 could
have all been due to dissociative ionization of this C3H3 fragment in the mass spectrometer
ionizer, but the angular distributions of the TOF spectra showed that each of these masses
had an additional component due to a new neutral fragment. The identity of these neutral
fragments was determined by fitting the TOF measurements at the various angles. These
fits were accomplished by using the forward convolution technique that has been described
previously (Zhao 1988). The solid curve is the result of the fits with this forward
convolution technique. It is made up of time-of-flight curves of the fragments from the
following primary and secondary photochemical reactions:

C3Hyg + hv — CzHy + Hy 1)
: - C3Hz + H @)
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Figure 5. TOF spectrum from the 193.3-nm photolysis of C3H4. The theoretical fit is
obtained using only one primary channel that produces C3Hg3 and H.

C3Hz + hv - CoHy + CH 3
— C3Hy + H @)
- CiH + H, )
CiHp, + hv - CisH + H ©6)
— C3 + Hy )

A fit was considered successful only if the derived translational energy distribution
would fit both fragments at all of the observed laboratory angles. This means, e.g., the
same translational energy distribution must be able to fit the data for mass 26 and mass 13
in reaction 3. The translational energy distributions for reactions 1, 2, 4, 5, 6, and 7 also
fit the mass 1 and 2 time-of-flight spectra.

The translational energy distributions derived from these fits are given in
Figure 10. Reaction 2 leads to the formation of a H atom and C3H3, and the translational
energy distribution is peaked at low translational energies with a long exponential tail. The
shape of the translational energy curve for the H atom in Reaction 4 is the same, but it has
been shifted out to larger energies. A H atom is also produced in Reaction 6, and ithas a
P(E7) that is very similar to the translational energy curve for Reaction 4. This systematic
shifting of the P(ET) to higher energies, when the fragment absorbs a second photon, is
also apparent in the Hy channels, as a comparison of the P(ET) for Reactions 1, 5, and 7
shows. In this case, however, the initial P(ET) for the first fragment via Reaction 1 starts
out at higher energies. The reaction that produces the CH radical and the CoHy molecule is
also peaked at low energies, which is consistent with its being a free-radical elimination
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of Flight Spectra for m/e=38 at §=20°
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Figure 6. TOF spectrum from the 193-nm photolysis of C3H4. Three channels are
needed for the theoretical fit: two primary channels and one secondary channel.
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Figure 7. TOF spectrum from the 193.3-nm C3Hy photolysis. Five channels are needed
for the fit: two primary and three secondary channels.
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Time of Flight Spectra for m/e=36 at §=30°
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Figure 8. TOF spectrum from the 193.3-nm photolysis of allene. Four secondary
channels are required to fit the data.
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Figure 9. TOF spectrum from the photolysis of C3Hz at 193.3-nm. The principal channel
that fits this data produces CH and CoH» from C3Hs.
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Figure 10. Translational energy distributions derived from fitting all of the data at all
masses and angles.

reaction. These observations are all compatible with the earlier generalizations about
energy distributions in photochemical reactions.

Reaction 3 is of particular interest to cometary science, since it suggests an alternate
means of producing a CH radical in comets. Recent radio observations of the interstellar
medium suggest that cyclopropenylidene (C3H2) is widespread throughout the galaxy
(Madden et al. 1989). Thus, it is not unreasonable to suppose that the cyclic C3Hz is also
widely dispersed. It is thought that it is this cyclic version of the C3H3 radical that is being
photolyzed in Reaction 3.

3.3. PHOTOCHEMISTRY OF WATER

The photochemistry of water has recently been reviewed by Crovisier (1989), and .
he has covered most of the published results. The detailed dynamics for the
photodissociation in the first absorption continuum have been studied at 157 nm in great
detail by Andresen and his colleagues (Andresen and Schinke 1987). From the structure in
the absorption band and the theoretical potential energy curve, it is doubtful whether there
will be surprises in the photochemistry in this region. One should be able to get a good
idea about the energy partitioning in the fragments by using the theoretical curve and
current theories for photodissociation. However, since even at this level, approximations
have to be made in the theory, it is probably a good idea if the theoretical predictions are
checked at another wavelength. This, of course, will require a laser at a wavelength
between 180 nm and 140 nm.

While the water photochemistry and the energy partitioning among the fragments
are known in the first continuum, they have not been completely described at 121.6 nm,
which is the second most important photochemical region for HoO (Krautwald et al. 1986).
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It is known that the reaction channel leading to OH in the AZT+ state represents only about
10% of the total quantum yield. Recent measurements of the recoil velocity by determining
the Doppler width of the laser-induced fluorescence of the recoiling H atom suggest the
average kinetic energy in the H atom is 1.29 + 0.3 eV (Krautwald 1986). This is the
velocity of the H atom coming from the channel that produces OH(X21]) state. The H atom
associated with the OH(A2Z*) has a much lower recoil velocity of 0.26 eV, which was not
detected. Nevertheless, this gives us the information to analyze the hydrogen coma in
comets. These results indicate that OH(X2I7) radical is produced highly rotationally excited
and explains why it cannot be detected using LIF, since the higher rotational levels of the
A2X+ are strongly predissociated and do not emit.

3.4. PHOTOCHEMISTRY OF AMMONIA

The photoionization TOF flight method for determining the energy partitioning has
also been used by two groups to determine the energy partitioning in the photodissociation
of NH3. These studies have been carried out by Wittig and his colleagues at 193 nm (Xu
et al. 1989) and Welge and his colleagues (Biesner et al. 1988, 1989) at a variety of
different wavelengths. Energy partitioning between the H atom and the NH3 radical is not
simply described. Near-threshold tunneling occurs, and the internal energy distribution of
the NH, fragment reflects this. Changes occur when the NH3 molecule is excited to
different vibrational and rotational levels of the excited state. However, as the photolysis
energy increases, tunneling becomes less important, and the internal energy distribution is
peaked at higher vibrational levels, in accord with our previous expectations for simple
bond rupture.

Even though the NHj radical absorbs and emits light in the visible region of the
spectrum, LIF studies have not been very successful in determining the nascent internal
energy after photolysis. The reason for this difficulty is that NHj is produced with a large
amount of internal energy as a result of the photodissociation process. Because of this,
many different vibrational bands have to be measured over hundreds of angstroms, which
requires many different dyes and very long scans. Quantitative results also require
calibration of the detection system over this large wavelength range. Analysis is hence
more complicated, so the TOF methods have a unique advantage for this particular
molecule. This case illustrates in particular how many different techniques are necessary to
completely unravel the photochemistry. v

3.5. NH7 PHOTOLYSIS AND THE FORMATION OF NH 1IN COMETS

Many years ago, it was suggested that NH was formed in comets by the sequential
photolysis of NH3 via the following type of mechanism (Jackson 1976):

NH3 + hv - NHy + H
NH» + hv - NH + H

Recently, wavelength-resolved fluorescence studies using two ArF lasers at 193 nm have
shown that this mechanism is correct at least for NH(A3IT) state radicals (Kenner et al.
1988). The researchers found that the lambda doublet population is preferentially
populated in the antisymmetric lambda doublet. As discussed above, it is known that the
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NHj, radical is produced with considerable internal energy. The researchers point out that
cold NH2(X2B1) should show different photodissociation dynamics. In this case, the
alignment will be higher, the symmetric lambda doublet should be preferentially populated,
and the rotational excitation will decrease as more energy appears in the translational
degrees of freedom. These studies with cold NHy have not been done, and it will be
interesting to see if these predictions are correct when the studies are performed. The
predictions do point out, however, the importance of carrying out photodissociation
dynamics studies with cold free radicals, since these are the radicals that are expected to be
present in the coma of comets and the dynamics can be dependent upon the internal energy
of the radical.

The work on NH, that has been reported thus far is for electronically excited NH.
It is important to determine if dissociation of this radical leads to ground-state NH, and if it
does, what the dynamics will be. Other questions will arise if ground-state NH is
produced, such as “what is the branching ratio between the two channels as a function of
wavelength?” and “if the dynamics are different between these two channels, do the
dynamics change as the wavelengths change?” These are important questions that will have
to be answered successfully to model the NH emission in comets.

3.6. SHFORMATION AND DESTRUCTION

There have been four recent results on the photochemistry of H,S, which is thought
to be the parent of SH in comets (Continetti 1989, Weiner et al. 1989, Xie et al. 1989, Xu
et al. 1989). Three of these studies used some type of time-of-flight technique, while the
other used laser-induced fluorescence to measure the rotational population of the SH radical
in the v* = 0 level. The TOF studies resolved the vibrational distribution of the SHand
the spin orbit population of the SH radical. One of these TOF studies showed that the peak
of the translational energy distribution decreases with decreasing amounts of available
energy, but in all cases it is peaked away from zero (Kenner et al. 1988). This is unlike
most radical elimination processes. The LIF study determined the rotational distribution at
several different wavelengths, and the researchers found the average rotational energy
decreases with decreasing energy (Xu et al. 1989). In both of these studies, a detailed
model is presented to interpret the results. In one of the TOF studies, the laser fluence was
high enough so that secondary photolysis of the SH radical was observed, but the data
have yet to be analyzed.

3.7. PHOTOCHEMISTRY OF HCN

Radio observations of comets prove that HCN is present in comets (Huebner et al.
1974). In the solar radiation field, most of this HCN will be dissociated at Lyman alpha
(121.6 nm) (Bockelee-Morvan and Crovisier 19835, Jackson 1973). The branching ratios
for the three reactions that produce CN in the X2Z, AZ2[T, and B2 states have been
determined from the TOF spectra of the H atom to be 0.43, 0.45, and 0.12, respectively.
The same spectra were used to determine the vibrational and rotational populations for the
channel that produces CN in the X25% state. The relative populations of the v’ =0, 1, 2,
and 3 levels were found to be 1.0; 0.6, 0.3, and 0.1, respectively. The rotational
population of the v’ = 0 level peaks at N” = 40 and decreases sharply on both sides of
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this peak. The vibrational and rotational distributions of the AZT1 could not be
unambiguously determined from the data.

4. Conclusions

Great progress has been made in understanding the photochemistry of some of the
key stable molecules that are responsible for the radicals that are observed in comets. A
variety of techniques have been used to determine the primary reaction products and the
partitioning of energy among the fragments. In some cases, these studies need to be
extended to molecules with the vibrational and rotational energy appropriate to comets, and
in other cases, the effects of photolysis wavelength need to be carefully determined. No
experimental technique appears to be completely satisfactory for obtaining all of the
required data, but the H-atom photoionization TOF method of K. Welge (Krautwald 1986,
Krautwald et al. 1986) and the angular TOF method of Y.T. Lee (Wodtke and Lee 1987)
both appear to be extremely powerful tools for cometary photochemistry.

The situation is less satisfactory for those radicals that are granddaughter species,
which means they are formed by photodissociation of unstable free radicals. Even so,
progress has been made in this sphere, with laboratory evidence for the formation of Cp,
C3, and NH from the secondary photolysis of CoH, C3Ha, and NHj;. More work needs to
be done with the photolysis of the cold precursor radicals at a variety of different
wavelengths. Absorption spectra of the intermediate radicals at wavelengths where they
dissociate are desperately needed to be able to evaluate the profiles of the granddaughter
radicals.

Theoretical advances in photochemistry have also been made, and as these are put
on firmer footing by comparisons with a body of experimental data, they will be more
useful for cometary sciences. Already, the experimental and theoretical advances can
probably adequately describe for comets the photochemistry of H2O. Newer experimental
techniques such as the Advanced Synchrotron light source, stronger VUV lasers based |
upon resonance sum frequency generation, and pulsed rare-gas dimer lasers will probably
accelerate our knowledge of photochemistry and hence the chemistry of comets.
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Implications of CoH Photochemistry on the Modeling
of Cy Distributions in Comets

WILLIAM M. JACKSON, YIHAN BAO, AND RANDALL S. URDAHL
Department of Chemistry, University of California at Davis

Laboratory studies of the secondary photolysis of the C;H radical are summarized and used to
explain some discrepancies between models of C; emission in comets. These studies show that
geveral states of the C, radicals produced in the photolysis of C;H; at 193 nm have bimodal
rotational distributions when plotted as a Boltzmann diagram. They also establish that the C,
radicals are formed with varying degrees of vibrational excitation, so that if they are formed in a
similar manner in comets, the C, radicals must start out with this initial vibrational excitation.

INTRODUCTION

The C, radical has been observed in comets for many
years, but its origin and the detailed modeling of the
spatial distribution of its emission are continuing
problems. Earlier, Jackson [1976) suggested that this
radical was formed by a two-step photodissociation
involving C,H, and CoH via the following general
mechanism:

CH, + hv —> CH + H D

CH + h -> C, + H (2)

Subsequent to this postulate, both laboratory
experiments and observational studies have confirmed
that this is a viable mechanism for the formation of C,
radicals in comets [Jackson et al., 1978; Wodtke and Lee,
1985; McDonald et al, 1978; Cochran, 1985]. Recently,
high-quality studies of both the rotational and spatial
distributions of this radical have been obtained [ Lambert
et al, 1990; O’Dell et al., 1988]. These studies have
resulted in attempts to match the observed rotational and
vibrational distributions with models of the radiative
processes that excite the C, radicals in comets. All of
these models have assumed that the radicals start in the
lowest vibrational and rotational state before radiation
pumping by the Sun begins. In this paper, laboratory
evidence is presented which suggests that this is probably
not the case and as a result these models need to be
revised. ’

EXPERIMENTAL RESULTS

The first laboratory demonstration of the two-step
mechanism for the formation of the C, radical was the
observation of the Phillips and Swan bands in the two-
photon dissociation of C;Hs, at 193 nm [Jackson et al,
1978; McDonald et al., 1978], although it could not be
decided between a sequential or simultaneous two-photon
process. Later, using the photofragment time-of-flight
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method, Wodtke and Lee [1985] showed that the
dominant one-photon process was the production of the
CoH radical via reaction (1) and at high fluxes the C,
radical via reaction (2). Balko et al. [1991] have recently
confirmed this result using the same method but detecting
the H atom instead of the CoH and C, radicals. Previous
work in our laboratory shows that in addition to the A1I,
state, other electronic states are formed such as the a°[1,,
b3%;, and B'Z,* [Urdahl et al., 1988; Bao et al., 1991; M.
Zahedi et al.,, unpublished data, 1990]. Most recently, we
observed the vibrationally excited Cy(a%Il,) state up to
v=8 in the photodissociation of CyHy at 193 nm.
Goodwin and Cool [1989] have shown by the resonance-
enhanced multiphoton ionization (REMPI) technique that
the BAstate is also produced.

In addition to the identification of electronic states, the
laser-induced fluorescence (LIF) technique used in our
laboratory can also be employed to determine the nascent
rotational and vibrational distribution of the C, radicals in
these states. Table 1 summarizes the experimental
information that has been obtained thus far for the
production of C; from the photolysis of CoH at 193 nm.
This is qualitative evidence that excitation of the CoH by a
photon with energy of the order of 57,000 cm™' should
give a variety of electronic states of Cy in a multitude of
vibrational and rotational levels. It is clear from Table 1
that not only are many electronic states of Cs formed but
also a large number of rotational and vibrational levels
within each electronic state are formed. In some of these
electronic states, notably the A'I, and B7'Z.*, the
rotational distributions exhibit bimodal Boltzmann
temperatures. There is also evidence that when other
molecules such as CyD; and CF3;CoH are used as
precursors for CoH/CoD, similar bimodal behavior can be
observed for the A'II,. These observations suggest that
the bimodal behavior is a function of the electronic state of
the CoH produced and not a property of the precursor
used to generate the C,H radical itself. In the next
section, we will discuss the implications of these results
for Cy modeling in comets.

COMETARY IMPLICATIONS

The energy level diagram for all the C, electronic states
observed in the 193 nm photodissociation of CoH is given
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TABLE 1. Summary of the Experimental Observations
of the Quantum State Distribution of C; Formed
in the Photolysis of C;H

State Observationn  Method References

McDonald et al. {1978]
Bauer et al. {1985]
Goodwin and Cool [1988]

Alll, v=1to5 emission

v=0to4 REMPI

v=0to4 LIF Urdahl et al. [1988}
R.S. Urdahl et al. (unpub-
lished data, 1991)
rot. dist.? LIF Urdahl et al. (1989]

B'A, v=0t02 REMPI
Bt v=0to2 LIF
rot. dist® LIF

Goodwin and Cool {1989]

Bao et al. [1991]

R.S. Urdahl et al. (unpub-
lished data, 1991)

Urdahl et al. [1988]

R.S. Urdahl et al. (unpub-
lished data, 1991)

Urdahl et al. [1989]

Goodwin and Cool [1989]

M. Zahedi et al. (unpub-
lished data, 1990)

£y v=0to8 LIF

rot. dist.° LIF
¥g, v=0to4 REMPI
v=1to4 IR emission

2 Rotational distribution: bimodal Boltzmann (for v=0,
T,=100 X, T=1200 K)

b Rotational distribution: bimodal Boltzmann (for v=0,
T1=40 K, To=470K; for v=1, 1=10K, Ty=280 K)

¢ Rotational distribution: Boltzmann (for v=0, T=2620 K)

in Figure 1. The highest electronic states so far observed
in the singlet and triplet manifolds are the Bzt and
b3% ., respectively. Although we have some unidentified
LIF spectra that may be due to the ¢3Z,* state, the basic
points of this paper can be made even if we confine our
discussion only to the states that have been positively
identified.

In the cometary environment, the time between
collisions is long compared to the radiative lifetime for an
allowed electronic transition. There are allowed electronic
transitions between the B1Z,* - A, the B'A, - AL,
and the A, - X!Z,* in the singlet manifold, and the
b3E, - a°ll, in the triplet manifold. These bands all have
_ transition probabilities on the order of microseconds,
which is much faster than the average collision time for
the Cy radical in comets [ Chabalowski et al., 1983; Gredel
et al., 1989; Theodorakopoulos et al., 1987; Douay et al.,
1988]. Since each of the upper electronic states contain
vibrationally and rotationally excited levels, it follows that
the lowest singlet state (X'Z,*) and the lowest triplet
state (a%I,) will also have excited vibrational and
rotational levels. Cg radicals that are formed in these
excited ro-vibronic states will have a very small probability
for relaxation to the lowest level before being
electronically excited by solar radiation, since
homonuclear diatomic molecules have a low probability for

guch transitions. Thus the initial population of excited
vibrational levels in these lowest two states will be
determined by the initial vibrational populations in the
excited electronic states and the Franck-Condon factors
for the particular transitions. Similarly, the rotational
populations in these states will be determined by the
initial rotational populations in the excited electronic
states, the Franck-Condon factors, the rotational line
strengths, and the AJ = 0, x1 selection rule. The time
scale for electronic excitation is about 3 s, which is
substantially faster than the emission time geale for ro-
vibronic transitions within either the X'X,* or a’Il, state.

A comparison of these general ideas with the recent
detailed modeling of cometary systems suggests that the
excess population in low J levels is consistent with the fact
that a large number of low J levels are produced in the
AUI, and B"Z,* states. Furthermore, the excess
population in the v'=1 level over the predictions of the
radiative equilibrium model is also consistent with the
laboratory observations at 193 nm, which show that
vibrationally excited radicals are produced in the
photolysis of CoH.

The laboratory results have all been obtained at one
wavelength, and the question can be raised as to what
happens at other wavelengths. While no definitive answer
can be made to this question at the present time, some
expectations can be discussed. The results suggest that
the upper excited state of CoH will dissociate to yield a
variety of electronically excited C, radicals with
“Boltzmann" type vibrational and rotational distributions.
This is generally an indication that the excited molecules
partition themselves among the available product states in
a statistical manner. Since two photons have to be
absorbed to produce the observed C, radicals, each
photodissociation step should be statistical. The
absorption spectrum of acetylene above 180 nm gives clear
indications of vibronic band structure. This means that
the excited state lives longer than a single vibration, which
generally implies that the excited CoH; exists long enough

for randomization of the available energy among the
excited modes before dissociation. The measurement of

the rotational distribution of one of the C,H states formed
in reaction (1) shows that this distribution is statistical, in
accordance with the view of energy randomization
[Fletcher and Leone, 1989]. Our beam studies on the
photodissociation of acetylene indicate that the initial
rotational energy in the parent acetylene molecule is
partially mapped onto the final rotational energy of the Cq
fragment. This suggests that the excited state potential
surface governs only part of the observed rotational
distribution. If these ideas about statistical dissociations
can be quantified into a reasonable model which can
predict the distributions observed at other wavelengths, a
more accurate description of the initial Cp ro-vibronic
distributions can be calculated at the appropriate solar
wavelengths. The resulting ro-vibronic distributions
would then provide better input for the models that are
used to fit the cometary observations.
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Fig. 1. Cy energy level diagram. The arrows in the singlet manifold represent the strongest Franck- Condon
transitions, while the arrows in the triplet manifold are for illustration purposes only.

CONCLUSIONS

We have shown that the laboratory data from the
photolysis of CoH radicals at 193 nm is qualitatively in
accord with the best cometary observations. These
laboratory observations show bimodal rotational as well as
éxcited - vibrational distributions. "The nascent
distributions are statistical in character, holding out the
distinct possibility that they may be modeled in such a way
as to predict their change with photolysis wavelength and
thus enable better modeling of the C, distributions.
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We report the first observation of time-resolved IR emission from the rovibrationally excited OH produced
in the H + SO, reaction. H atoms were produced via 193 nm photolysis of HBr. Low-resolution emission
spectra were collected over the 4000—2800 cm™' spectral region. The high degree of internal excitation
deduced from the spectral emission indicates that, unlike similar reactions of this type, the ground state HOSO
complex exerts little, if any, influence on the dynamics of this reaction. Quasi-classical trajectory calculations
assuming a quasi-triatomic approximation for HSO; have also been performed, and these results in conjunction
with previous ab initio studies lead to a cohesive model of the reaction dynamics of this tetra-atomic system.

Introduction

The dynamics of elementary atom transfer reactions have long
been an area of intense research. Polanyi and his co-workers
have been particularly instrumental in determining the relation-
ships between features of the potential energy surface, energy
disposal, and consumption in reactions of the type A + BC —
AB + C.!2 The two most important determinants of the
dynamics are the position of the barrier and the relative masses
of the atoms involved.!? While the literature on triatomic
exchange reactions is exhaustive, relatively few systematic
studies of the specificity of energy disposal and reactant energy
consumption in atom transfer reactions involving four atoms,
A + BCD < AB + CD, have been undertaken. There have
been several recent experimental investigations whose results
lay the foundation for a richer understanding of the chemical
dynamics of tetra-atomic systems. In particular, the class of
reactions defined by H + X0, — OH + OX have been studied
for the first-row atoms X = C, N, and 0.3~12 In each of these
instances the nascent internal state distributions of at least one
of the products was found to be distinctly nonstatistical.

The reaction between H + CO, — OH + CO is endoergic
by 24 kcal/mol. Hence, translationally hot hydrogen atoms have
been used for the study of the H + CO; reaction by several
different groups.’~® Reviews of the extensive efforts that have
gone into the study of the H + CO; reaction dynamics have
been reported elsewhere,’~> but a brief summary of the critical
results is in order. Wittig and co-workers have used laser-
induced fluorescence to probe the OH product and reported an
internal state distribution which was effectively described by a
statistical model.? Other recent work by Jacobs et al. also
supported the existence of a long-lived HOCO intermediate
which leads to near-statistical populations in the OH product
and the majority of available energy being channeled into
relative translation of the products.® Baronovski and co-workers
have used laser-induced fluorescence (LIF) to probe the internal
state distributions of the nascent CO product.”® Their results
suggested that the H + CO, system exhibits nonstatistical
behavior due to incomplete randomization of the available
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energy and that the well corresponding to HOCO on the ground
potential energy surface plays an important role in determining
the energy deposition.

The H + NO, — OH + NO reaction (AH® = —30 kcal/
mol) has also been the focus of several experimental investi-
gations.®~'2 The recent studies have employed LIF to probe
the nascent internal state distribution of the OH formed in this
reaction. Smith and co-workers presented complementary LIF
determinations of the complete internal state distribution of the
OH and NO produced in the thermal reaction of H atoms and
NO,.'"12 The OH product was found to be more excited than
would be expected on a purely statistical basis. In addition,
there was significant excitation observed in NO vibration (v”
= 3). Excitation in the “old” bond in this reaction was again
indicative of a strong influence of the HONO well on the ground
electronic surface exerting a strong influence on the reaction
dynamics. The nonstatistical internal state distributions were
resolved by invoking a model in which the reaction proceeded
through the HONO intermediate on the ground state potential
surface but on a time scale short with respect to that required
for complete energy randomization.!"2

The H + O3 — OH + O reaction (AH® = —77 kcal/mol)
has sufficient reaction exothermicity to populate OH up to (v”
= 9), and the population distributions have been found to peak
at or near the energetic limit.>!%!3> The nascent rotational
distributions resulting from this reaction have also been
determined to be non-Boltzmann.>'® In general, reactions
involving the attack of a light atom on a molecule consisting
of considerably heavier atoms leads to preferential deposition
of the available energy into relative translational energy of the
fragments. Hence, the high degree of selectivity in channeling
the excess energy from the hot-atom reaction into the OH
product vibration is quite remarkable. The strongly attractive
nature of the potential surface involved in this reaction has been
attributed to a long-range crossing onto an ionic surface similar
to those postulated for alkali metal -+ halogen atom reactions.'”

The H + SO, reaction represents another member in the class
of bimolecular, tetra-atomic gas-phase oxygen atom transfer
reactions. In addition to providing another case study for
comparing the influence of the barrier on the energy deposition
in this class of reactions it provides a system for which the mass
combination effect on the dynamics of endoergic reactions may

0022-3654/95/2099-10086309.00/0 © 1995 American Chemical Society




Time-Resolved IR Chemiluminescence

be further explored. Aside from its relevance to the fundamental
study of inelastic atom—triatomic collisions, the H + SO2
reaction has potential importance to combustion chemistry as a
primary reaction in the SO-catalyzed recombination of hydro-

gen atoms in flames.'*!?

H + SO,—OH+ SO AH® = +29 kcal/mol (D)
—HSO+ O AH° = +78 kcal/mol @
—HOS+0O AH® = +83 kcal/mol 3
—HS+ O, AHP = +53 kcal/mol 4

While there has been some disagreement in the kinetics of
channel 1, all investigators have found the H + SO, reaction is
negligible at temperatures below 500 K. Recently, we reported
a theoretical investigation of the H + SO, reaction intermediates
and product channel energetics.'® In this paper we present the
first experimental evidence of reaction between SO and
hydrogen atoms produced in the 193 nm photolysis of HBr.
The experimental results have been combined with quasi-
classical trajectory calculations in order to obtain the London—
Eyring—Polanyi—Sato (LEPS) potentials and gain insights into
the dynamics of this reaction system.

Experimental Section

The experiments were performed in a pulsed laser photolysis
(PLP) continuous flow system which has been described in detail
elsewhere.'? Briefly, gas mixtures of the precursors and
reactants are flowed through an aluminum reaction vessel and
irradiated by 193 nm radiation. Pressures were monitored with
standard 1 or 10 Torr capacitance manometers. The cell was
equipped with gold-coated Welsh collection optics which
directed the IR emission onto the entrance slit of a Perkin-Elmer
180 monochromator, and the dispersed radiation was focused
onto an InSb photodetector. A laser repetition rate of 28 Hz
was employed with typical pulse energies between 50 and 75
mJ. Time decay profiles over the first 200—600 us after the
laser fires were collected for each step in a spectral scan. At
each step the f noise, background radiation, and any other dc
offset are subtracted on alternate laser shots which are stored
in the computer and averaged. This leads to typical signal-to-
noise (S/N) ratios for the individual time decays in excess of
102. Shot-to-shot averaging was used to decrease the random
noise due to photolysis laser power fluctuations and intrinsic
noise in the photodetector.

The small signal size made it necessary to conduct the infrared
emission experiments at low spectral resolution, 50—60 cm™.
This resolution is insufficient to resolve individual rotational
contours in the OH vibrational bands (B = 18.9 cm™).
However, the OH radical has a large anharmonicity (60 cm™Y)
and thus, depending on the rotational excitation, individual
vibrational bands can be resolved. ’

In these experiments HBr (o103 = 1.77 x 107'® cm?) was
photolyzed to produce translationally hot H atoms.'® Working
pressures ranged from 10 to 100 mTorr of HBr, 50 to 200 mTorr
of SO», and 0 to 10 Torr of argon. Previous studies of the 193
nm photolysis of HBr have shown that the H atoms exhibit a
bimodal velocity distribution corresponding to the two different
types of bromine atoms produced, Bri; and Brsp.'® The spread
in the H-atom translational energies is thus from 62 to 51 kcal/
mol, respectively. The H atoms possess an average effective
initia] translational energy of 58 kcal/mol based on the branching
ratio reported by Lambert et al.2% The absorption cross section
" of SO, is larger than that for HBr, o193 = 1.1 X 10717 cm2.2!
Thus, the total reaction system consists of the reactive species
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H, SO, O, and Br radicals along with the precursors. The side
reactions which could lead to OH or HSO were suppressed so
that they occurred only to a negligible extent on the time scale
of our detection. For example, the O + HBr — OH + Br has
a reported rate constant of k = 4.4 x 10~ cm® molecule™! 57!
and no reaction has been observed for SO + HBr.*> The
lifetime of the oxygen atoms with respect-to the O + HBr
reaction for a partial pressure of 100 mTorr HBr is 7 ms. This
is well outside of our detection window and thus the effects of
this reaction should be negligible. The rate constant of the H
+ SO reaction has not been reported, but if we assume that
this rate is comparable to that for the analogous H + O, reaction,
then this is also too slow to be observed on the microsecond
time scale under our experimental conditions. It is unlikely that
any other processes will lead to production of OH or HSO as
a result of secondary reactions, but these can also be suppressed
by working at low total precursor partial pressures (<200
mTorr), moderate laser fluences, and pseudo-first-order condi-
tions in SO,. This ensures that the H atoms produced in the
photolysis are consumed primarily via collisions with SO
molecules.

A final potential source of spectral interference is the atomic
emission from the excited bromine atoms (Briz — Brp, =1
s) at 3685 cm™'. Background spectra were taken under identical
conditions to the reaction system in which only HBr was
photolyzed and compared to the emission spectra from the
reaction in order to determine the influence of this emission on
the entire profile. (See Figure 1) The secondary production of
bromine atoms via the H + HBr reaction, k = 6.3 x 10712 cm’
molecule™! s~!, was suppressed by using P(SO2)/P(HBr) = 2.8
The atomic emission from the electronically excited bromine
atoms is seen as a broadened peak centered at 3685 cm™'. The
spin state splitting of the bromine atom is near resonant with
the 0 — 1 vibrational transition of the OH radical. However,
due to the low collision frequency and the small cross section
for E — V relaxation, energy transfer between the product OH
and the bromine is expected to be negligible over the first 10-
us after the photolysis pulse. The intensity of this feature
persists for over 200 us under our conditions due to the
inefficiency of the possible collision partners in relaxing the
spin—orbit states of the bromine atom. It is also unlikely that
relaxation due to H atoms or SO radicals are efficient on this
time scale under our experimental conditions due to the low
collision frequencies and the absence of resonant energy
exchange mechanisms. Hence, the 10 us and earlier time delay
emission spectra are assumed to be representative of the nascent
vibrational distribution of the product OH.

Results

Typical traces of the low-resolution IR emission between
4000 and 2800 cm™~! observed from the H + SO, reaction are
shown in Figure 1. These spectra show a nearly static
distribution growing in over the first 10 us of the reaction and
a partially relaxed distribution which persists through 200 us.
The time delay spectra at earlier times ~5 us exhibits the same
spectral intensity distribution as the 10 us spectra but with a
slightly lower S/N ratio. The persistence of the same spectral
intensity distribution over the first 10 us is a strong indication
that the excited vibrational states of the product OH are not
being efficiently relaxed and that the observed emission is from
a near-nascent vibrational distribution. We note that the rather
abrupt falloff of the emission below 2900 cm™! was instrument-
limited due to a cold band-pass filter which is installed on the
InSb photodetector. Separate experiments were performed with
an unfiltered, but less sensitive, InSb photodetector which
indicated that the signal from this emission band fell below the
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Figure 1. IR emission between 4000 and 2800 cm™' from the H +
SO, reaction. The experimental resolution of the spectra is 60 cm™!
with 55 mTorr of HBr and 100 mTorr of SO,. The @ and the O refer
to spectra taken at delay times of 10 and 50 us, respectively. The lower
trace is the 10 us emission spectra from 193 nm photolysis of 130
mTorr of neat HBr.
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Figure 2. Effect of argon partial pressure on emission from the H +
SO, reaction with P(SO;) = 100 mTorr, P(HBr) = 55 mTorr, and 60
cm™! resolution. The @ refer to spectra taken for P(Ar) = 0 mTorr,
and the O refer to spectra taken for P(Ar) = 1.9 Torr. Both spectra
represent 20 us time delay conditions.

noise level by 2800 cm™'. The lower trace in Figure 1 shows
the IR emission from photolysis of pure HBr at a delay time of
10 us after the laser firing. The presence of the atomic emission
from bromine ~3680 cm™! does not adversely influence the
entire range of the spectra because the predominant infrared
emission occurs to the red of this feature.

The middle trace in Figure 1 shows the 10 us IR emission
from the OH produced in the H + SO, reaction. The total
pressure in these experiments was 155 mTorr which translates
into most of the OH radicals produced having experienced fewer
than seven collisions. The only species in the system to quench
product OH vibration or rotation are HBr, SO,, H, Br, and SO,
with the majority of collisions occurring between SO; and HBr.
The HBr and SO, vibrational frequencies are not near-resonant
with the OH vibrational frequency and, on that basis, are not
be expected to be efficient in quenching OH internal excitation.
Conversely, the SO, molecule is known to form long-lived
adducts with OH which may facilitate the relaxation of OH.2*
However, at the total pressures employed in these experiments,
the likelihood of this three-body reaction leading to the HOSO»
adduct is small, and the relaxation due to this process is assumed
to be negligible.

Figure 2 shows the dramatic effect of increasing the argon
partial pressure on the IR emission from the H + SO, reaction.
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The addition of higher partial pressures of argon results in a
marked increase in hot-H + Ar collisions which may lead to
some translational cooling of the H atoms. However, the large
mass disparity between these H and Ar these collisions militates
against efficient energy transfer. On addition of 800 mTorr of
argon and 150 mTorr of SO, the fastest H atoms will have
experienced more than 10 collisions with argon for every single
collision with an SO, molecule. In Figure 2 the longwave
emission between 3000 and 3700 cm™' is shown under
experimental conditions with 0 and 2 Torr of argon. The high
partial pressure of argon is effective in reducing the overall
signal intensity of the product emission in this spectral region.
It also has significant effects on the decay profile of the
individual time decays.

The overall intensity of the IR emission throughout the entire
spectral range, 3000—4000 cm™!, is seen to decrease signifi-
cantly. This can be explained if we assume that, although both
the translationally hot H atoms and the SO, molecules will have
suffered many collisions with argon before their mutual
encounter, the H-atom collisions will be nearly elastic in nature.
The SO, molecules will have undergone many inelastic colli-
sions with argon and may thus be quenched to below the
reaction barrier by the buffer before encountering an H atom.

Figure 3 shows single time decay curves under conditions of
zero and high pressures of argon buffer gas. The experimental
scatter in the individual points of the time decay curve are a
function of signal averaging and are reproducible for constant
experimental conditions. The intensity scales for Figure 3a,b
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TABLE 1: Parameters for LEPS Potential Surface

Do °B To S S
(k¥/mol) (A™Y) (A) (barrier = I eV) (barrier = 0.5 eV)
OH 446 1.29 —-0.97 0.8 0.1
0S—-0 552 1.37 1.43 0.995 0.985
0OS—-H 377 1.25 1.35 —0.85 -0.7 -

have not been normalizéd. We note that the intensity maxima
of the time decays for the experiments with argon are larger
than those in the experiments without argon. This is due to
the more rapid quenching of states into the chosen bandwidth
under these conditions. The total time-integrated emission
within the bandwidth is significantly less. The time decays at
3185 and 3085 cm™! are chosen to eliminate interference effects
of the emission from the atomic bromine and the cutoff filter.
All time decays for the neat experiments can be fit with a simple
biexponential function of the general form Ao{exp(—kit) —
exp(—kzt)}, where ki and k; are the pseudo-first-order rate
constants for OH production and relaxation, respectively. The
average rate constant, obtained from the arithmetic mean of each
step in the spectral scan, is ky =3 x 107! cm? molecule™! 571
We have observed that the same production term, i.e., the rate
constant, can be used to obtain reasonable fits of the time decay
curves under both experimental conditions. '

The physical significance of the value of the rate constant is
meaningful only in its relationship to the total cross-section for
reaction of the hot H atoms with SO, at the average center-of-
mass velocity. Thus, we can estimate an effective impact
parameter for an average collision energy of 58 kcal/mol of H
atoms generated in the 193 nm photolysis of HBr by using the
relationship k. = ov, where o is the reaction cross section (o
= mb?) and v is the average velocity.’ The maximum impact
parameter based on this average rate constant is thus 0.2 A.

Theoretical Model

We have assumed a quasi-triatomic approximation to simplify
a model LEPS potential energy surface for the H + SO, — OH
+ SO reaction. This assumption is supported by recent ab initio
calculations which suggest that one of the SO bonds of SO,
remains nearly adiabatic in the addition reactions between H
and SO,. The generalized LEPS for of the H + SO; PES can
be constructed as

U=Y0,- Y~ ®)
0,={DJ4(1 + SHNEJEB +5) —2(1 +35)] (©6)
J,= {DJI4(1 + SHNEIE( +35) =263+ S)] ()

where Q; and J; are the Coulomb and excha.ngé I-integrals of the
ith diatomic molecule (i = 1, 2, and 3 for AB, BC, and AC,
respectively).

E;= exp[—B(R; — R")] ®

where R;, R®, D;, Bi, and S; are the internuclear distances, Morse
parameters, and the Sato adjustable parameters of the ith
diatomic or quasi-diatomic molecule. The parameters of the
LEPS PES used in our calculations are given in Table 1.

The Sato adjustable parameters, S;, depend on the energy
distributions and the vibrational populations of the reaction
products as a function of the assumed collision energy and the
excitation function. The initial conditions for all calculations
were chosen to correspond to the experimental conditions. The
collision energy was assumed -to be 58 kcal/mol, and the
entrance channel barrier height and amount of vibrational energy
in the SO, molecule were varied systematically between 0 and
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Figure 4. (a) Total reaction cross sections for the H + SO, — OH +
SO reaction assuming an entrance channel barrier height of 0.5 eV.
(b) Total reaction cross sections for the H + SO, — OH + SO reaction
assuming an entrance channel-barrier height of 1.0 eV.

1 eV and from v = 0 to v = 13, respectively. The collision
shell radius, o°, was chosen to be 8 A in order to ensure that
interactions between the H atom and the SO, molecule would
be negligible at the start of each trajectory. The trajectories
were integrated with a step size of 2.03 x 1072 A, the maximum
impact parameter was taken to be 2 A, and for each set of initial
conditions 3000 trajectories were computed. These conditions
were selected to ensure the conservation of total energy and
angular momentum, computational accuracy to five significant
digits, and a mean statistical error smaller than 10%. The total
reaction cross sections for barrier heights of 0.5 and 1 eV as a
function of the vibrational level of the SO, are shown in Figures
4ab. The vibrational energy threshold for the H + SOz reaction
is predicted to be v = 3 for an entrance channel barrier of 0.5
eV, but the magnitude of the cross section rises sharply for v
> 5 (Figure 4a). We also observe that the cross section for
product channels 2 and 3 become significant for higher reagent
vibrational excitations, SO,(v=10). The reaction cross sections
predicted under the same initial conditions but with a2 1.0 eV
barrier height are negligible in comparison (Figure 5). The
calculated vibrational distributions of -the OH for different
vibrational excitation of the SO reactant are shown in Figures
5a—c. These distributions may have as much as 30% error due
to the inherent limitations of the model; however, the general
form of the distribution is qualitatively correct. The chief
observations to be gained from these results are the statistical
but non-Boltzmann vibrational distribution, the sharp falloff in
populations after the v = 1 state, and the insensitivity of the
relative population in the higher v states to increases in the
vibrational content of the SO,. The results of the quasi-classical
trajectory calculations can be summarized as follows:

(1) The vibrational excitation in the SO, is critical in the
reaction with a predicted threshold of v = 3 for the OH product
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Figure 5. (a) Calculated vibrational distribution for OH produced in
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Calculated vibrational distribution for OH produced in the H -+
SO,(v=12) reaction assuming a barrier height of 0.5 eV. (c) Calculated
vibrational distribution for OH produced in the H + SQOx(v=13)
reaction, assuming a barrier height of 0.5 eV.

channel and at high excitations, v = 10, can open the HSO and
HOS product channels.

(2) The OH product vibrational distribution is cold and
relatively insensitive to changes in both barrier height and
reagent vibrational excitation.

(3) The reaction cross sections are small even for low entrance
channel barriers.

Morris et al.

The prediction of a cold vibrational distribution in the product
OH is in good agreement with the experimental observations
and supports a dynamical model in which very little energy is
channeled into the vibrational degrees of freedom and most of
the energy is released in relative translation of the separating
fragments.

Discussion

Despite the low spectral resolution we can make qualitative
interpretations about the distributions due to the large anhar-
monicity and the rotational constant of the hydroxyl radical.
The rotational excitation in the lowest excited vibrational state
is relatively small, with J < 7. This is evident from the fact
that the shorter wavelength emission, i.e., the P-branch of the
v = 1 emission, does not extend beyond 3800 cm™! and from
the straightforward calculation of line positions based on the
spectroscopic constants of the OH radical (w. = 3735 cm™,
xewe = 82.8 cm™!, and B = 18.9 cm™"). The reaction dynamics
implied by this qualitative limit on the rotational excitation is
consistent with the classical picture of light atom abstraction
reactions in which little of the available energy is deposited
into product rotation. We observed product infrared emission
in the 3700—2900 cm™! region in all experiments in which less
than 1 Torr of argon was used. The spectral emission near 2900
cm™! would be representative of high (J ~ 20) levels in the v
= 2 state or low J levels in the v = 3 state of OH.

Laser-induced fluorescence (LIF) experiments presently
underway in our laboratory indicate that collisions between H
atoms and vibrationally excited SO, may be playing a key role
in the OH production in this system.? The highly vibrationally
excited SO, is produced by the absorption of a 193 nm photon
to produce electronically excited SO, and then subsequent
relaxation into the upper vibrational levels in ground state SO;.

Recent theoretical studies at the MP2/DZP level of theory
predict an 49 kcal/mol barrier in the entrance channel of the H
+ SO; reaction to the formation of HOSQ.16 This is well above
the total energy of the thermal reactants, but it is below the
total energy of the hot H atom + thermal SO, reactants
employed in these experiments. There is a much lower barrier
(~12 kcal/mol) predicted for the formation of the HSO, in which
the hydrogen is bound to the sulfur atom rather than to one of
the oxygen atoms. If the system passes over the lower barrier
with enough energy to isomerize or directly inserts into one of
the vibrationally excited SO bonds, one would expect the OH
product to be rotationally hot but have a relatively small
vibrational excitation since the energy release would be late
along the reaction coordinate. A barrier of ca. 23 kcal/mol has
been suggested for the HSO» — HOSO isomerization on the
basis of previous ab initio studies of the HSO, species at the
PMP4/6-31G*/MP2/3-21G* level of theory.?6 There is enough
energy present initially in H-atom translation to surmount both
of these barriers, but it is not clear how effective reagent
translation is in surmounting the second barrier. Passage over
a critical barrier late along the reaction coordinate is generally
suggestive of the importance of reagent vibrational excitation,
i.e., SO; (v” > 0). The time-resolved IR emission experiments
do not give any information on the distribution in the ground
vibrational state, so we cannot make any quantitative statements
about the fractional amount of vibrationally excited product OH.
However, the data from these IR chemiluminescence experi-
ments is suggestive of low rotational and vibrational excitation
in the OH product.

Recent ab initio calculations have indicated that the “old”
SO bond is virtually unaffected by the addition of an H atom
to form either the HSO,; or HOSO adducts.!® This result is in
qualitative agreement with our experimental observation of low
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vibrational excitation in the OH product. Combining the
theoretical results and the experimental observation of a small
reaction cross section and the preliminary evidence for the role
of vibrationally excited SO leads us to suggest the following
mechanisms. The H atom can attack the SO, molecule by the
lowest energy path and form the HSO, adduct adiabatically
while the SO, maintains significant vibrational excitation. The
vibrational energy is then consumed in the isomerization from
the HSO; to HOSO which dissociates to products. Alterna-
tively, the H atom may insert directly into one of the SO bonds
which is elongated during excited vibrational motion and the
resulting collision complex dissociates directly into OH and SO
products. The role of vibrationally excited SO in the H+ SO,
reaction will be treated explicitly in an upcoming paper.
This paper reports the first observation of IR emission from
the OH produced in the reaction between H + SOz. There are
strong indications from the experimental results that vibrational
excitation in the SO, is critical for reaction. We have found
that the OH product has a cold vibrational distribution with
relatively low rotational excitation in the v = 1 and 2 states.
The resolution employed in these IR emission studies is low
because of the inherently small signal intensity. Thus, it is
difficult to quantify the role of translationally hot H atoms from
vibrationally hot SO; based solely on these experiments. Since
both OH and SO are amenable to pump/probe characterization,
it would be useful to determine the internal state distributions
of both products under experimental conditions in which the
vibrational and translational degrees of freedom of the reactants
could be independently controlled. Quantitative internal state
distributions for the SO and OH products will be reported from
LIF experiments presently underway in our laboratory.2> Future
experiments will involve a photolysis laser centered at 212 nm
which will lead to photolysis of HBr and considerable absorption
by SO, without dissociation. Another direction of interest is
the use of more energetic H atoms for the investigation of the
- higher energy HOS and HSO product channels. The HSO
radical can also be probed by the LIF technique and both
channels, if active, should prove to have quite interesting
dynamics. Quasi-classical trajectory calculations have also been
performed to complement the IR emission studies using the
experimental conditions as initial input. The results are in good
qualitative agreement with experiment and lead to a consistent
model of the reaction dynamics of the H + SO, reaction.
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. Revised Molecular Constants.for the D 'Z; State of C,

The visible and UV spectroscopy of the C, radical has been extensively investigated for several decades
(1-5). This has allowed accurate determination of spectroscopic constants for several states, which have
been compiled by Huber and Herzberg (6) and more recently by Martin (7). However, the D 'Z} state is
the exception; to the authors’ knowledge only one determination of molecular constants has been reported
(5). The D 'Z} state was first observed in carbon arc emission at A = 230 nm by Mulliken (4), but the
most detailed analysis to date was published by Landsverk in 1939 (5). He assigned the band to the D

¢ 1Z4-X 'Z} electronic transition. The vibrational progressions are headless, i.e., the Q branch is missing,
and they are shaded to the right. Only even rotational lines are observed due to nuclear spin statistics.

In this Note, measurements are reported of the Mulliken band of C, radicals produced from C,H, by
focusing a 193-nm laser beam. C, radicals formed in the X '=} state have approximately 52 kcal of energy
available to them; consequently, much higher vibrational and rotational levels are observed than in carbon
arcs. The nascent rotational and vibrational distributions of the X 'Z} state were probed by laser-induced
fluorescence (LIF) between 230 and 231 nm in the Av = 0 region of the Mulliken band. A portion of the
nascent LIF spectrum is shown in Fig. 1. Landsverk data were used to calibrate rotational line positions.
Using new molecular constants for the X ' =} state, obtained by Nietmann e al. from high-resolution studies
of the Phillips band (4 'I1 }-X 'Z})(8), and the requisite equations from Ref. (5), the D 'Z state constants
were optimized to give the best fit to experimental line positions to within 0.5 cm™. Because of the complexity
of the spectrum, it was necessary to rotationally quench the radicals with 10 Torr of argon gas. Removal of
high rotational excitation resulted in a simplified spectrum that could be easily assigned (see Fig. 2). The
vo, By, and D, values for v =0, 1, 2, 3, and 4 of the X and D states are shown in Table L.

Previously, the 0-0, 1-1, 2-2, and 3-3 bands were assigned by Landsverk (4). Two additional bands, 4—
4 and 5-5, are reported. Due to heavy blending, only the 4-4 band could be extracted; the observed line
positions are listed in Table II. A few of the lines in the 4-4 band were observed by Landsverk, but no -
assignments were made. The rotational and centrifugal distortion constants decrease linearly with vibrational
quantum number v’, except for v’ = 4, where D, increases. This may simply be due to insufficient data, or
may indicate the onset of perturbations in the D state. !

T T T T 1T T 1 T T T T _ T T (00) band
P(14) P(10) P(8) P(2) R(0) R(4) R(8)
T T T T i [ I T I I T T — (1.1) band
P(10)  P(8) P(2)  R(0) R(4) R(8) R(12) R(16)
1 T T T T T T 1 T (2.2) band
P(2) R(0) R(4) R(8) R(12) R(16)

1 i 1 1 1 -l

X L 1 A s A 1 it
¥ 43160 43170 43180 43190 43200 43210 43220 43230 43240 43250 43260 43270 43280

Dye Laser Wavenumber (cm™)

FIG. 1. Nascent distribution of C, radicals in the X 'Z} state, probed via the Mulliken band. The delay
between the pump and probe laser was 70 nsec.
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’ TABLE 1

Molecular Constants for the D 'Z} State of C;

Band vo(cm-') B.(cm-") D.(cm-)
0-0 43227.33(40)° 1.82322(15) 7.39(29) x 10°
43227.33(02)° 1.8232(02) 7.54(05) x 10°
. 1-1 43201.39(33)" 1.80370(39) 7.29(20) x 10°
43201.39(03)° 1.8026(05) 6.87(10) x 10°®
' 22 43175.77(23)° 1.78390(06) 7.19(30) x 10°
43175.77(05)" 1.7825(05) 6.15(20) x 10°
3-3 43151.14(25)" 1.76470(50) 7.09(35) x 10°
43150.56(20)"° 1.762(05) - 3
4-4 43121.92(15)* 1.74724(20) 7.6(20) x 10° '

* Entries in this row are new constants.

® Entries in this row were taken from reference 5.

TABLE 11
Line Positions of 4-4 Band

R(J) Wavenumber (cm™)

26 43223.83

28 43231.78

30 4323999

32 43247.13

34 43256.27

' 36 43264.25

38 43272.26

40 43281.45

42 43289.46
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FIG. 2. Cold spectrum of C, radicals in the X ' 27 state, probed via the Mulliken band. The delay between
the pump and probe laser was 2 usec.
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NON-ADIABATIC INTERACTIONS IN EXCITED C, H MOLECULES
AND THEIR RELATIONSHIP TO C; FORMATION IN COMETS

WILLIAM M. JACKSON, VICTOR BLUNT, HUA LIN, MARTINA GREEN,
GREGORY OLIVERA, WILLIAM H. FINK, YIHAN BAO, RANDALL S. URDAHL,
FIDA MOHAMMAD and MANSOUR ZAHEDI
Department of Chemistry, University of California, Davis, CA 95616

Abstract. A unified picture of the photodissociation of the Cy H radical has been developed using
the results from the latest experimental and theoretical work. This picture shows that a variety
of electronic states of C are formed during the photodissociation of the C2H radical even if
photoexcitation accesses only one excited state. This is because the excited states have many avoided
crossings and near intersections where two electronic states come very close to one another. At these
avoided crossings and near intersections, the excited radical can hop from one electronic state to
another and access new final electronic states of the C5 radical. The complexity of the excited state
surfaces also explains the bimodal rotational distributions that are observed in all of the electronic
states studied. The excited states that dissociate through a direct path are limited by dynamics to
produce C: fragments with a modest amount of rotational energy, whereas those that dissociate by
a more complex path have a greater chance to access all of phase space and produce fragments
with higher rotational excitation. Finally, the theoretical transition moments and potential energy
curves have been used to provide a better estimate of the photochemical lifetimes in comets of the
different excited states of the C H radical. The photochemically active states are the 2257, 2211,
3%[1, and 3°S, with photodissociation rate constants of 1.0 x 1075, 4.0 x 1075, 0.7 x 107, and
1.3x 107 s™!, respectively. These rate constants lead to a total photochemical lifetime of 1.4 x 10° s.

Introduction

Several years ago we reviewed the status of laboratory work on the photodissoci-
ation of the C; H radical produced during the high intensity photolysis of CyH,
at 193 nm [1]. At that time, we pointed out the initial vibrational and rotational
distributions of the C; radical had to be considered in modeling the corresponding
distributions in comets. This is a consequence of the fact that the radical has no
permanent dipole moment so that pure vibrational and rotational transitions are
dipole forbidden and only electronic transitions will occur with a high probabili-
ty. Thus, the nascent vibrational and rotational distributions in various electronic
states formed during the photochemical step will be mapped upon the rotational
and vibrational distributions of the lowest electronic states in the singlet and triplet
manifolds, namely the X! E;‘ and a37rg, respectively. The nascent rotational distri-
butions in all of the electronic states studied were bimodal in character and each of
them showed considerable population in the higher vibrational levels. These results
were obtained at only one wavelength so at the time it was not clear how these par-
ticular conclusions could be applied to Cy H radicals formed and photodissociated
under cometary conditions. Recently, a very important theoretical publication on

Astrophysics and Space Science 236: 29-47, 1996.
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the excited electronic states of C» H radicals has appeared [2]. This paper along
with our new experimental results provide additional insights into the issues raised
in the previous paper [1].

In the present paper, a brief review of the problem of C; in comets along with
a summary of the observational, experimental, and theoretical work that address
this problem will be presented. The latest theoretical work will then be used
to compute the photochemical lifetime of C,H at 1 AU. The experimental and
theoretical lifetimes associated with the formation of C, in comets will then be
compared with the lifetimes derived from scale length measurements in comets. '
Nascent rotational and vibrational distributions obtained for a variety of electronic
states of C, during the photodissociation of Cy H are presented and the implications
of these results to cometary conditions is discussed. Finally, based on the present .
state of our knowledge, the formation of C; in comets will be discussed and the
additional laboratory, theoretical, and observational studies that need to be done
are outlined.

Review

The basic problem of C, formation in comets is that there is no known parent
compound that can produce this free radical in one photochemical step (1, 3]. If
the radical is formed photochemically it has to be a granddaughter of an unknown
parent compound. It has been suggested that C, H is the parent molecule and that
the radical is formed by reactions (1) and (2) and then lost by reaction (3) [1, 3];

CyHy +hy - ChH+ H )
CoH +hy — Cy+ H 2)
Cy+hv— Ct+e. 3)

O’Dell et al. have shown using data obtained from Comet Halley that the observed

C, is a granddaughter species by fitting surface brightness over distances that

extend from 250 km out to 63,000 km [4]. From the fits, they obtained scale ©o
lengths for reactions (1), (2) and (3) of 2.6 X 104, 1.7 x 10* and 1.4 x 10° km, !
respectively. These scale lengths can be converted to lifetimes by dividing them ‘
by the flow velocity of the gas. If a flow velocity of 0.8 km/s is used, the lifetimes

will then be 3.2 x 104, 2.1 x 10* and 1.8 x 10° s, respectively [5]. These are

to be compared with the lifetimes for an active sun given by Huebner ef al. of

5.4 x 10* s for reaction (1) and 4.6 x 10° s for reaction 3 [6]. These two values are

in reasonable agreement with the observations since they are within a factor of 2

and 3, respectively. No information is available for the photochemical lifetime of

reaction (2) other than a crude estimate made earlier based on a photodissociation

threshold, assumed cross sections and the known solar flux [7].
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There are other issues which arise from the spectroscopy of the C; radicals
observed in comets. Earlier, it was pointed out that the cometary C, spectra should
contain remnants of the initial vibrational and rotational populations produced
when this radical is formed [1]. Infrared emission within the X! f and a’m,
states to lower vibrational and rotational levels is dipole forbidden because C; is a
homonuclear diatomic molecule. It will therefore be much harder for this radical to
lose the signatures that are characteristic of its formation process. This subject has
also been addressed in the work of O’Dell et al. [4] in which they found a vibrational
excess in the inner coma. They attributed this to newly formed C, molecules
being formed with vibrational temperatures much higher than the 5800 K color
temperature of the sum. A bimodal rotational distribution has also been observed
in the rotationally resolved cometary emission from the Cy Swan bands [7]. In this
paper we will further discuss how this observation can be explained on the basis of
ours and others laboratory measurements of the two step photochemical formation
of C, from acetylene.

Laboratory studies of the UV fluorescence using an unfocused ArF laser at
193 nm showed that this emission could only be explained by a two step mechanism,
since one photon could not excite the observed Phillips and Swan band emissions
[8, 9]. Laser induced fluorescence studies of the photolysis products at 193 nm
have shown that the B''S+, AT, B!A, and the a37rg states of C; are produced
[10, 11, 12]. Photofragment spectroscopy studies have established that the two step
mechanism for the formation of C, from acetylene does occur in the laboratory
[13, 14]. Time resolved infrared spectroscopy studies observed the BIA — Al
and b* X, — a37rg transitions, which further confirms the formation of these upper
states [15]. Despite the fact that these observations clearly show that the (' radical
is formed, there are still many questions that need to be answered. To date, no one
has reported whether C, is formed in the X | E; state, which is the lower level of the
Phillips bands in comets. Furthermore, all of the direct evidence for the formation
of C, from laboratory studies has been accumulated at only one wavelength, and
under conditions that are not appropriate for comets. Earlier, we argued that the
C» H radicals that are photolyzed in the laboratory must be vibrationally excited
[10, 11]. This is supported by the FTIR studies of Fletcher and Leone that showed at
least some of these radicals to be vibrationally excited [16]. In the coma of a comet,
any C, H radicals will all relax via infrared emission to the lowest vibrational and
rotational levels of the ground electronic state. Two important questions must then
be asked. If these radicals absorb light at shorter wavelengths in comets, will they
dissociate in the same manner as the vibrationally hot radicals at 193 nm? Do the
nascent distributions observed in the laboratory support the observed vibrational
and rotational distributions observed in comets?

Recently, the quantum yield for the formation of H atoms in the photolysis
of CyH; at 193 nm was determined to be 0.26 £ 0.04 by Satayapal and Bersohn
and 0.30 &= 0.1 by Seki and Okabe [17, 18]. At the same time it is known that the
fluorescence quantumi yield at 193 nm is very small implying that there must be
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metastable C, H, molecules in the system [19]. When these metastable acetylene
molecules absorb a second photon, do they produce Cj and if they do, what are the
quantum state distributions of the products?

In addition to the experimental data, the theoretical work of Duflot ez al. [2]
can be used to directly address some of the issues raised by the laboratory work
and the cometary observations. Their work is especially relevant because they have
calculated the electronic energies of the low lying valence states of the C, H radical
as a function of the r¢,. g internuclear distance and the CC H bond angle. This
kind of information can be used to interpret some of the dynamical data taken
at 193 nm and hence allow us to qualitatively evaluate how this data provides
new insights into the photochemical processes that could in principle produce C;
and C>H in comets from C,H,. They have also calculated the transition dipole
moments from the ground state to the excited states as a function of the r¢, ... 7 bond
length. This data may be used to provide a better estimate of the photochemical
lifetime for Co H in comets.

In the present paper, results from the theoretical work will first be used to
estimate the photochemical lifetime of C>H in an effort to see if this value is
close to those derived from cometary observations. The vertical excitation energies
and symmetries will then be used to construct a correlation diagram, which we
will invoke to explain the recent experimental work on the nascent rotational
distributions. Finally a discussion will be presented on what remains to be done
theoretically, in the laboratory and observationally in order to pin down more
precisely the mechanism of C; formation in comets.

Photochemical Lifetime of Co H
The photochemical lifetime, 7¢,...H, is given by the following expression,

Tc_‘zl...H = /IAO'A d) = XIo. @)

The solar flux, I, has been tabulated so one only needs the absorption cross section,
o, to determine the photochemical lifetime [6]. Duflot et al. have calculated the
transition dipole moments, D(rc,... g)?, from the ground electronic state as a
function of the C — H bond length to the individual excited states of C,H [2].
Thus, if the C — H bond length is known, then their data can be used with the
following relationship to determine the absorption cross section.

ox = KD(rc,n)? = K|(¥ sl o) - )

The K in this equation is the number of allowed transitions namely 4 when a II
state is involved and 1 for ¥ states. The wavefunction in this equation involves only
electronic degrees of freedom, so that the Franck-Condon factor is not included.
Using the curves given by Duflot et al. [2] will overestimate the absorption coef-
ficient. This in turn will lead to a lower limit on the photochemical lifetime. The
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Table 1
Photodissociation rate coefficients for specific transitions in C; H at 1 AU

Transition Mean Energy  Bandwidth Rate Coefficient
(nm) nm ™hH
Xt - 22nt 187.0 15.5 1.0 x 1076
Xzt 2 1754 8.1 4.0x 1078
X't 3% 154.0 27 0.7 x 1076
Xt - 32nt 151.4 44 1.3%x 1076

Total rate constant = 7.0 x 107% s~ Total lifetime = 7 = 1.4 x 10° s

excitation bandwidth for each of the transitions was estimated by first calculating
the zero point energy of the X2+ state of C,H and then drawing a horizontal
line across its potential curve at this energy. Perpendicular lines are drawn from
the ground state to the particular excited state under investigation at the extremes
of the ground state potential curve. The differences in the vertical distances of
these two lines then determines the bandwidth for the excitation of rotationally and
vibrationally cold C, H radicals to the higher state. Because the transition moment
given by Duflot et al. [2] is available as a function of T¢,.. .H, the integration in
Equation 4 is accomplished by mapping the energy difference of the two limbs
of the vertical excitation into 7, g and then integrating over this range of dis-
tance from Duflot et al. in Figure 7. The rate coefficients and bandwidths for each
of the bands with appreciable oscillator strength are given in Table 1. The total
photochemical lifetime for CoH is calculated to be 1.4 x 103 s, which should be
compared to the observational lifetime of 2 x 10* s derived from the C» scale
lengths of O’Dell et al. [4]. The theoretical lifetime is an order of magnitude higher
than the highest value suggested for the lifetime derived from the longest scale
lengths obtained by O’Dell et al. [4]. The discrepancy is in fact even larger because
our calculations have not included the Franck-Condon factors and are therefore
lower limits for the lifetime. It is difficult to see how the observations could be
this far off. The large discrepancy suggests that either the theory is wrong or Cy H
is not the source of C; in comets. There could be a problem in the quantitative
details of the theory. Specifically, the wave functions for the excited states which
are needed to compute the transition dipole moments were calculated keeping the
C — C bond distance in C, H fixed. Furthermore, the separation of the transition
moment for the X*+ — 2211 and the X2+ — 3211 absorptions into a transition
moment and a Franck-Condon factor is highly suspect, since the computed tran-
sition moments are changing too rapidly with internuclear distance. Even though
the theoretical studies may not allow us to accurately calculate the photochemical
lifetime of C3 H, they should provide a good qualitative picture about the dynamics
of the photodissociation, which can then be compared with the laboratory results.
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Figure 1. Correlation diagram for the photodissociation of C2H. The energies on the vertical axis
were taken from the work of Duflot ez al. for linear Co H [2]. The dissociation coordinate is schematic
and corresponds to bending and stretching of the CC ... H bond. The dotted circles are also only
schematic to indicate the possibility of an avoided crossing.

Correlation Diagram

Figure 1 is a correlation diagram for the dissociation of the C>H radical which
we constructed from the theoretical calculations of the excited state energy levels.
Most of the studies on the photodissociation of the C,H radical have been done
by photodissociating C» H, using focused lasers, most of which were at 193 nm.
Under these conditions a large percentage of the C;H, molecules are dissociated
to produce the C, H radical. Time resolved IR emission studies with both a FTIR
spectrometer and a monochromator have shown that under these circumstances, the
C, H radical is vibrationally excited [15, 16]. Because of this vibrational excitation,
large regions of the excited state potential energy curve can be accessed when the
radical absorbs a second photon. There is enough vibrational energy in the linear
geometry so that both the 2211 and the 22X 7 excited states can be populated when
the radical absorbs a second 193 nm photon. Figure 1 shows that the 2211 state of
C, H correlates to the Al11,, state of C, but avoided crossings arise as the molecule
bends, allowing a dissociating molecule to cross over to the 32A' which correlates to
Ca(B''S}). This state should also have an avoided crossing with the 52 A’ surface
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of C,H which correlates to Co(B'A,), thus giving the dissociating molecule
access to this state. Excitation of the 227 state can lead to the direct production
of the C(B'! ¥F), and because of the previously noted avoided crossings, both the
A1, and the B lAg states are accessible from this level as well.

Three other states of the C, radical have been observed in the 193 nm focused
photolysis of acetylene. They are the X 12;, a*my, and the b3E; states, none of
which directly correlate to any of the C, H states that are initially excited or can be
reached as result of curve crossings. It is possible for the excited Cy H radicals to
hop from one surface to another even if the correlation diagram does not indicate
an avoided crossing between the two states. These are diabatic transitions, and the
only requirement is that the two surfaces come sufficiently close to each other so
that the probability for the transition is high. Figure 2 shows 3-D diagrams of the
32 A’ and the 22 A’ states plotted using the results of the theoretical calculations, and
illustrates these two states do come close to each other at large ¢, . g distances
as the correlation diagram suggests. The ripple ridge feature in the foreground
of the 324’ surface with a maximum at about 4.5 bohr can be associated with
the curve crossings identified in Figure 1. Since the 22 A’ state correlates directly
to the a3, state of C,, this is a reasonable explanation about how this state is
formed. Similar curves for the 22A’ and the 12A’ states are shown in Figure 3.
The proximity of these two surfaces over the entire range of variables implies the
nuclear vibrational motion of the states will be so intermixed as to make them
indistinguishable from each other. Hopping between these surfaces should be easy.
A dissociating molecule on the 22 A’ surface can easily transfer to the 12A’ which
then correlates with Co(X '), and explains why it is observed. The G (%)
state does not correlate to any of the doublet states C» H but rather to a quartet state,
so that its formation can only be explained by surface hopping in the exit channel
or by the decomposition of some other molecular species in the system. Surface
hopping between two states with different multiplicities should be a process with a
very low probability, so it is likely that this species arises from the decomposition
of some other molecular species in the system. One possibility is the formation of
C,H in the quartet state from the decomposition of an excited C; H, molecule in
the triplet state. Several pieces of laboratory data will be discussed later in support
of this hypothesis.

Dynamics of the Photodissociation Process

The laboratory experiments also provide information about the nascent vibrational
and rotational energy of the products in addition to their electronic states. The
correlation diagram gives a qualitative explanation of the observed rotational dis-
tribution of the C, radicals formed during the photodissociation of C, H. Since the
ejected H atom is much lighter than the C; fragment, in the sudden approximation
(where all of the excess energy is released into the recoiling fragments) the con-
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Figure 3. The two different perspectives of the CC' ... H distance and CCH angle degrees of
freedom of the 22 A’ and the 124’ potential energy surfaces of Cy H. The data was digitized from
the curves presented in reference 2. The perspective was chosen as for Figure 2, but the vertical axes
have had 76.0 (1°A’) and 76.15 (22 A’) hartree added to the values of reference 2. This artificially

enhances the intersurface gap by 0.15 hartree. The glove like fit of these two surfaces is particularly
evident in the upper view.
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Table II
Rotational energy disposal in the C; in various electronic states

State E (avail)  Juax (impulse)  Jimax (energetic)  Jmax (observed)
‘(em™!)
x'sr
v = 18.361 20 100 = 78
v =1 16,537 18 94 = 66
v =2 14,566 18 920 = 58
v =3 12,963 16 84 ~ 58
v = 11,216 14 78 nd.
v =5 9.497 14 72 nd.
v''=6 7,806 12 64 n.d.
A,
v''=0 10,093 14 78 nd.
o' =1 8,509 14 72 n.d.
o' =2 6,949 12 64 n.d.
BIIE;E-
v =0 3,165 8 46 n.d.
=1 1,746 6 34 34
"=2 332 2 14 14

n.d. stands for not determined.

servation equations will limit the amount of rotational energy available to Cs. In
this model, the amount of angular momentum that appears in the C, fragment is
determined by the ratio of the masses, the angle, 6, between the H atom and C,
and the available energy, Favail, released in the process. The maximum amount of
rotational energy E'(rot)max, that can appear in the C fragment can be calculated
using the following relationship;

E(rot)max = Eavat {magmc sin? 0/(mgmc sin? 8 + mg(me,.. 1))} 6)
E(r0t)max = {1/26} Baya- %)

Table II summarizes the results of a variety of experiments that have been carried
out in our laboratory, and it shows that in all of the cases where the rotational
distribution for a particular vibrational level of a given electronic state has been
measured, the maximum observed rotational energy is much higher than an impulse
model would predict. This suggests that an additional dynamical process must be
occurring during photodissociation, other than the immediate rupture of the C — H
bond, if the observed experimental rotational distributions are to be explained.
The phase space model is the antithesis of a sudden approximation where
all of the available energy suddenly appears in the bond between the recoiling
fragments. In this model, the molecule lives “long enough” on a particular excited
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state potential energy surface that it has a chance to access all of the available
phase space, leading to energy equilibration among all of the internal modes of the
excited molecule [20]. Examples of the application of this model to the B'! E; and

the A1, of C, are shown in Figures 4 and 5, respectively [22, 23]. In each of these
cases, the phase space model provides a reasonable fit to most of the J values, but
there is excess population in the lower rotational levels. The phase space and the
sudden model both predict the maximum rotational energy in the heavy fragment
increases with available energy, which as Table II shows, is in agreement with the
experimental observations.

The correlation diagram and the three dimensional curves not only explain
how the different electronic states of C, are produced but also give a qualitative
explanation of how the rotational levels of each one of these states are formed. The
three dimensional curves show that there are clear pathways to the final products
on the 224’ and 324’ surfaces. If the initial trajectory of the H atom recoiling
from C, is along one of these clear pathways, then the conservation laws will
limit the amount of rotational energy in this fragment. If on the other hand, the
initial trajectory is in the direction of an avoided crossings, a near intersection,
such as the ripple ridge with a maximum at about 4.0 Bohr which is evident on the
3 A’ surface in Figure 2, or toward the repulsive barrier, a variety of other things
may happen. As the system approaches an avoided crossing or a near intersection,
there is a possibility for a transfer or hop to another electronic state. When the
H atom moves toward the repulsive barrier it will rebound from this barrier and
have another chance to either exit cleanly, cross, or hop over to another electronic
state. Any time the H atom can cleanly exit the excited potential energy surface,
the classical conservation laws will limit the amount of rotational energy in the
C, fragment. This could lead to excess population in the lower rotational levels
similar to the observations. If the hydrogen atom does not cleanly exit the potential
energy surface, it can access more of the available potential energy surface and
thus produce the C, fragments that are observed with larger amounts of rotational
energy. A more quantitative comparison of theory with experiments requires a
classical or semi-classical trajectory calculation on these ab-initio potential energy
surfaces.

The bimodal rotational distributions that are observed in the laboratory are in
accord with the bimodal rotational distributions observed in the C5 Swan system
from Comet P/Halley by Lambert ef al. [7]. They suggest C; radicals are produced
with an excess population in the lowest J levels and considerable population in
the upper rotational levels. Electronic pumping by the sun will tend to distribute
this population according to the color temperature of the sun when the system
is in radiative equilibrium. Monte-Carlo calculations have shown that a longer
period of time will be required to reach radiative equilibrium when the radicals
are initially excited as compared to when they all start out in the lowest J levels
{21]. Furthermore, since the different electronic states are produced with different
amounts of vibrational and rotational excitation, they all will be approaching this
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Figure 4. Rotational distribution of Cy(B' 122‘) produced in the focused 193 nm photolysis of a
supersonic beam of C3 H>. The solid line is the distribution expected using a phase space model. The
upper curve is the plotted on a linear Y axis and the lower curve is presented as a Boltzmann plot. The
error bars are 1o error bars and if none are shown the error was smaller than the size of the points.

The experimental points can also be fitted with a sum of two Boltzmann curves with temperatures of
440 K and 40 K.
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Figure 5. Rotational distribution of C>(A'Il,) produced in the focused 193 nm photolysis of a
supersonic beam of Cy H». The solid line is the distribution expected using a phase space model. The
upper curve is the plotted on a linear Y axis and the lower curve is presented as a Boltzmann plot. The
error bars are 1o error bars and if none are shown the error was smaller than the size of the points.
‘The experimental points can also be fitted with a sum of two Boltzmann curves with temperatures of
1250 K and 54 K.
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equilibrium at different rates. Our latest laboratory results indicate the X%+,
A'TL, and B''S} have significantly different bimodal rotational distributions. The
v" = 0 and 1 levels of X 12'9* state have bimodal distributions that cannot be

characterized by Boltzmann temperatures. The v’ = 0, 1, and 2 levels of the A!1I,,
state have rotational temperatures of 1250 K and 54 K; 960 K and 150 K; and 640 K
and 58 K, respectively [22]. Whereas, the v' = 0 and 1 levels of the B''T} state
have rotational temperatures of 440 K and 40 K; and 290 K and 30 K, respectively
[23].

The vibrational populations of the C, radicals in the various electronic states are
not directly addressed by the theoretical work since the calculations were done for
a fixed carbon-carbon bond distance in Cy H. The vibrational excitation must arise
as aresult of a stretching motion in this carbon-carbon bond during the dissociation
process. This undoubtedly leads to even more complicated excited potential sur-
faces, which in turn can increase the lifetime of the excited molecules before they
dissociate. The fact that the phase space model can be used to explain the formation
of C; radicals in higher rotational levels implies the excited C, H radicals live long
enough for energy redistribution to occur. As this happens, some of the C, radicals
will also be produced vibrationally excited. All of the vibrational distributions
that have been determined can be described by a Boltzmann “temperature”. The
vibrational temperature for the A'II, state is 2500 K based upon the measured
populations of the v" = 0, 1, and 2 levels [22]. No temperature was derived for
the B’ 12; or the X 12; states because in the former case, only two states were
observed when the signal was linear with the probe laser intensity, and in the latter
case the populations of the vibrational levels have not been extracted from the six
vibrational bands that have been observed. Nevertheless, the populations of the
upper vibrational levels are much higher than one would expect for a frozen C' — C
bond distance in C> H.

There is one electronic state which has been observed in the laboratory, namely
the b* ¥, state, which is not explained on the basis of the theoretical calculations
for the photodissociation of C, H. The correlation diagram shows that this state
correlates to a quartet state, and surface hopping from a doublet state of CyH
should be very slow because it requires a spin flip, which for light molecules is
not very probable. Figure 6, shows the infrared emission from this state obtained
in our laboratory when a focused UV laser is used to photolyze C,H, [24]. The
size of the signal is large, suggesting this emission is not weak, so it is unlikely
to be explained by such an improbable process. A more reasonable explanation
of this observation is that this fragment is produced by the photodissociation of
triplet acetylene, which prodiices the C»H radical in a quartet state along with an
H atom in the S state. Infrared emission spectra in Figure 7 obtained using a FTIR
spectrometer and an unfocused ArF laser show that there are emissions that have
not been identified. One of these has been tentatively identified as the 63 transition
of CyH,(a’ B,). The other unidentified features could be due to emission from the
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Figure 6. The time resolved C30°S; — a’n, infrared emission spectrum formed in the focused
193 nm photolysis of C'» Ha. The spectrum were taken at 2 Torr argon pressure and do not represent
a nascent rotatioal distribution. ’

lowest triplet state of Cy H,, or C; H in a quartet state. More work needs to be done
with this system to positively identify these emissions.

Quantum Yields

The laboratory quantum yields that have been measured for the photodissociation of
acetylene at 193 nm by Satayapal and Bersohn, and Seki and Okabe of 0.26 4 0.04
and 0.30 £ 0.1, respectively, show that under their conditions not all of the excited
molecules dissociate [17, 18]. The alternatives to molecular dissociation following
excitation are radiative decay back to the ground state, intersystem crossing to
an electronic manifold of different multiplicity, collisional quenching, or internal
conversion to an upper vibrational level of a lower electronic state with the same
multiplicity. The question that needs to be answered is whether the low quantum
yields found in the laboratory are to be expected under cometary conditions. In a
typical water ice comet at 1 AU with a radius of 5 km, the mean free path between
collisions of water with C,H is 4,900 km at the O’Dell er al. [4] scale length
for the production of CyH of 26,000 km. Therefore, the time between collisions
is of the order of 6,000 s, so within this time period, any excited molecule has
ample time to radiate even via a dipole forbidden transition. During this period, it
is also possible for excited molecules that have undergone an intersystem crossing
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Figure 7. Time resolved Fourier transform infrared spectrum taken during the unfocused 193 nm
photolysis of C2H>. The laser energy was 45 ~ 51 ml/pulse, time delay S us, Po,n, = 160 mT,

Par = 2T, Aw = 4 cm™'. The unidentified emissions can be due to triplet acetylene CyH, or
quartet C» H.

or internal conversion to undergo the reverse transition, so that they can repopulate
the dissociative state from which they were originally formed. If anything other
than radiation occurs, the net effect will be that more of the excited molecules
will be dissociated in comets than one would predict based upon the measured
laboratory quantum yield.

Compare this now with the situation that occurs in the laboratory. The lowest
pressures at which the quantum yields were measured under laboratory conditions
were 10 mTorr. At these pressures the time between collisions is ~ 14 us, which
allows plenty of time for any metastable C, H, molecules formed in reaction (1)
to react by colliding with a ground state molecule or be quenched at the walls of
the vessel. This is unlike the case in comets or under the laboratory conditions
where high laser intensities lead to Cy formation. In the latter case, a significant
number of metastable molecules can absorb a second photon within the ~ 20 to
30 ns pulse duration of the laser. Results from molecular beam experiments also
support this interpretation of our LIF measurements since there is no evidence for
the formation of C; via a direct photochemical step [13, 14]. All of the C, formed




B e N T L T e R R A O R e e e e e A St Ak e NI AL LA L e O W A A AN AR R AR L AR AR AT a DO K S N I D

NON-ADIABATIC INTERACTIONS IN EXCITED C, H MOLECULES 45 PR

in these experiments comes from secondary photolysis of C3 H, and these experi-
ments should be able to probe any metastable states which dissociate with lifetimes
of a few microseconds. The metastable molecules could have lifetimes longer than
this, but it is unlikely that they will be long enough to collide with another cometary -
molecule. The more likely scenarios in comets will be radiative decay, dissociation
from the triplet state or a high lying vibrational level of the ground state. Mea-
surements of the fluorescence from excited C, H, molecules in a molecular beam
indicate that the fluorescence was undetectable at wavelengths below 215.8 nm and
remained so out to the limits of the measurement at 209.6 nm[19]. It is therefore
unlikely that the quantum yield for dissociation due to radiation loss of the excited
state population negligible.

A more likely possibility is that some of the molecules excited in reaction 1
undergo the following,

CoLH3(A'A,) — CLHE(V*B,) or C,HE(d’By). (8)

Of the two products, the a3B, should have the highest probability of formation
because it will have the highest density of states, which increases the probability
of intersystem crossing. The results in Figure 7 support this channel through the
tentative identification of the 6(2) transition of Cy H. 2(0,3 B5). In the laboratory, this
state could either react with the ambient acetylene or absorb a second 193 nm
photon under high intensity conditions and dissociate to produce Co (b o7):

CoHE(a®By) + hv — Co(b°S7) + 2H. )

If this sequence of reactions are occurring, one has to wonder why Satayapal and
Bersohn did not see an increase in their quantum yields at higher laser intensities
[17]. It may be because the highest laser fluences they used in their work was
only 110 mJ/cm?, whereas the fluences used in the studies where Cz(b32!;) was
observed were on the order of 600 to 2000 mJ/cm?2. In comets, it is likely that the
triplet state of acetylene will fall apart before it can collide or be further excited
by a solar photon. If it does dissociate, it may produce C + Hy or CoH in a
quartet state plus an H atom. Quartet radicals can open entirely new channels for
photodissociation if they live long enough.

Conclusions

The most recent high quality theoretical results on the excited electronic states
of the CyH radical have been used to examine the latest laboratory data and
to develop a uniform model for the dissociation of this radical. The results of
this examination suggest that the details of the excited potential energy surfaces
can explain why C; radicals are formed in a variety of electronic states with
bimodal rotational distributions. The laboratory results at 193 nm are consistent
with the view that when an intermediate radical is produced vibrationally excited,
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the photodissociation process accesses a large range of the excited state surfaces.
It is thus believed the general features of the dissociation process will be similar
for cold C, H radicals when they are photolyzed in the VUV region at 187.0 and
175.4 nm which are more appropriate to cometary conditions.

Bimodal rotational distributions that are observed in the laboratory and in comets
have been attributed to the different manner in which excited C, H radicals dis-
sociate on the excited surfaces. The low rotational temperatures arise from those
radicals that dissociate in one vibration via a direct dissociation pathway to the
final products. The higher rotational temperature comes about when the excited
molecule spends a much longer time on this excited surface and has a chance to
sample a large part of the phase space. The geometry of the excited state surface has
only been investigated as a function of the 7¢, .z bond length and the C-C—-H
bond angle @, so it can not provide information about the vibrational excitation
that is observed in the C, radical. Nevertheless, vibrational excitation should be a
consequence of the randomization of energy in the excited molecules during the
dissociation process.

A theoretical photodissociation lifetime has been calculated for cold C3 H radi-
cals in comets which is at least an order of magnitude higher than one would predict
from the observed scale lengths. In light of the evidence that a large body of facts
are predicted using the theoretical potential energy surface, we suggest that this
discrepancy arises because the transition moments are not propetly described when
the rc—_cH is fixed at the equilibrium distance, and the conventional formalism
used in the theoretical estimation of the lifetime is inadequate for the X 22+ — 2211
transition.

It has been argued that the laboratory quantum yields are too low for comets
because of the longer time scales that are available in comets. It has been suggested
that triplet acetylene molecules can be formed and dissociate to produce C; + H>
or C, H in a quartet state plus an H atom.

Despite the many answers that have already been obtained on the photodisso-
ciation of C,H, a variety of theoretical and experimental questions remain. For
example, the dynamics and cross sections need to be measured in the laboratory
for cold C» H radicals in the laboratory in the VUV region. These studies should
be done as a function of wavelength so that they can be compared directly with
observations. The theoretical calculations should be repeated to determine how the
transition moments vary with r¢__cp distance, and in particular, we need to know
if they become larger when this distance is increased.
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SPATIAL EXTENT OF DUST IN THE INNER COMA
The radial profiles presented in Fig. 1 may be completed with a bi-dimensional representa
tion of the scattered intensity inside the field of view scanned by the spectrometer. A composit
image of this type, which depicts the intensity at 482 nm is given in Fig. 2a,b. Two jets appear
this monochromatic image: a weaker one, on the left, in the direction of the Sun and a stronger®
one, in a perpendicular direction. As a result, the distribution of dust at distances of 10000 5
40000 km from the nucleus appears as strongly anisotropic. As shown in Fig. 1, the intens
inside the jets is two times more intense than inside the valley (between the jets).
PRODUCTION OF AN EXTENDED SOURCE BY DUST JETS g
The spatial distribution of dust particles may be visualized at different wavelengths, in th
near-UV at 377 nm and the red at 607 nm. A pixel-to-pixel ratio of the images at A1 = 377 and A3 :
482 nm is presented in Fig. 2¢,d. A slight excess of blue coloration, of the order of 25% in inten
sity, is apparent in the 10000-25000 km region, closely correlated with the presence of jets. This
coloration is interpreted as being due to the existence of a population of sub-micronic grains lo-
cated in the vicinity of the jets. The calculation of the ratio of the quantum efficiencies at two wa:
velengths, Qsca(r1) / Qsca(A2) based upon Mie theory shows that a small excess of tiny grains wi
a < 0.8 pm can produce a slight coloration of the scattered radiation. In present case, we calculated
that the observed coloration may be reproduced if one assumes that a fraction of 10-7-10-6 of th
dust particles present at 20000 km undergoes fragmentation and produces small grains of mass 1

15.10-13 g, This results from the fact that the optical scattering efficiency of a given mass of dus
particles is roughly inversely proportional to the average radius of the particles.

In an attempt to explain the dust-scattered radiation measurements in the inner coma, it i
necessary to introduce a fragmentation mechanism which produces sub-micronic particles. Th
existence of dust jets and the slight coloration observed in the vicinity of the jets give serious argu
ments supporting the following process : dust jets originating from fissures at the nucleus surfac
and extending to several 10000 km. A small fraction of the dust particles would suffer fragmenta
tion after having been heated for several hours starting from their ejection from the nucleus. Durin
this process, they would release gas components such as the CO molecules which were found t
form, during the Giotto encounter (Eberhardt gt al,, 1987), an extended source around 10000 km.
CONCLUSION ' :

The spatial distribution of dust-scattered intensity in the inner coma shows the existence of 3
two well-contrasted dust jets inside the field of view of the spectrometer. A model based on Mi
theory and the particle measurements of Mazets gt al,, (1987) shows that the slight coloration o
served in the jets between 10000 and 25000 km may be explained by a population of sub-microni
particles of mass 10-15-10-13 g. It is proposed that this population of very small grains results fro
the fragmentation of the dust particles inside the jet and that the gas released during this proces
constitutes the diffuse source measured in CO in comet Halley and in H2CO in comet Levy.
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Formation of Ions and Radicals From Icy Grains in Comets
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ABSTRACT

Two theoretical models for the formation of radicals from ice grains are examined to
determine if this can explain the jets in comets It is shown that the production rates for these
radicals by the photolysis of molecules in the icy grains are not high enough to explain the jets.
A new mechanism is proposed involving the release of cations and anions in the gas phase as the
jicy mantle surrounding the grains is evaporated. Solar visible radiation can then form radicals by
photodetachment of the electrons from these anions. The production rate of radicals formed in
this manner is in accord with the production rates of the observed radicals.

Intr ion

Recent observations of jet-type CN and C, structures with diameters of 24,000 km in

Halley’s comet by A’Hearn et. al. [1986] have prompted their group as well as others [Clairemidi
et al, 1990a, 1990b] to suggest that radicals might be produced directly from the
photodissociation of molecules in the grains. In this paper, this idea will be investigated along
with the possibility of producing radicals via photodetachment of electrons from negative ions
that might already be present in the grains.

Ph hemical Production of Radicals from Grain '

Combi [1987] attempted to model the photochemical production of radicals from grains by
assuming they were produced by photosputtering of radicals and atoms from the grains. In this
model, the photodissociation rate was assumed to be the same as it was in the gas phase. The
photodissociation rate in the grains will depend, however, on the photodissociation mechanisms
of the individual molecules. Those molecules which dissociate in one molecular vibration, i. e.,
direct dissociation, after they are electronically excited will be less affected by the presence of the
solid than those molecules that only dissociate after many molecular vibrations, i.e.,
predissociate. The former process will occur in times of the order of 0.01 to 0.1 ps while the
latter process will take place in times of the order of 1 to 100 ps. Photodissociation in the grains
will compete with quenching of the excited state energy into the phonon modes of the solid,
which will occur on a time scale of 0.1 to afew ps. A further complication is the "cage effect”,
which is the enhanced recombination of the fragments because of the surrounding solid matrix
[Schriever, et al.,1991]. Thus, bulky or slow fragments are not able to escape the surrounding
cage before they collide with each other and recombine to form the original molecule. Hydrogen
atoms and other first row atoms escape more effectively from the cage than heavier atoms-or
fragments because they are smaller and recoil with a higher velocity. These ideas are
incorporated in the following equations describing the total yield, Y, for free radical production
from one icy grain in a Halley type comet at 1 AU;

Y(r,) = {2 @M [ 2 {1-exp(-Oyp2rp)]} T (1)
In Eq. 1, the radius of the grain is ry, the intensity at a given wavelength (A) of the solar radiation
at 1 AU is I, the number density of the molecules in the grain is p, the absorption cross-section
of the molecule, Oy, and T is the lifetime of the grain, which is taken to be 103 s. The quantum
yield, ®(A), for dissociation is equal to [kyq/(k4 + kq)], where kg and k, are the rate constants for
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dissociation and quenching, respectively. Both of these rate constants can vary with wavelength,
and they are unknown quantities that can drastically reduce the yield of the free radicals. For
simplicity, the quantum yield is assumed to be one. Equation 1 was used in Eq. 2 to compute the
production rate of the radical R, Q(R), by multiplying it by the flux at a particular Ig, F(rg), and

then summing over all Ig:
QR) = SrgY(rg)F(rg) 2

The grain fluxes were taken from the in-situ measurements of Giotto [McDonnell, et al.,1987].
The Q(R) for OH is 1.8 x 1025 571, which is four orders of magnitude less than the observed rate
[Feldman, 1991]. Clearly, this mechanism does not explain any OH jets in the comets because
the contrast between the OH produced by gas phase photolysis will be too small. The calculated
Q(R)’s for CN from HCN and C,N, are 8.4 x 1024 and 3.2 x 1023 s-1, respectively. This is closer

calculated rates are based upon very optimistic assumptions. The calculated rates assume that
the quantum yield is one and independent of wavelength. Both HCN and C,N, are known to

predissociate, so the true rates will be much smaller than those that were calculated. The
calculated rates also assume the radicals formed on the interior of the grain eventually arrive in
the gas phase. This can only be true if the grains completely evaporate and if the radicals do not
recombine before evaporation. Thus it can be concluded that the photochemical production of
gas phase radicals from grains can not be used to explain the jets in comets.

Free Radicals from the Photodetachment of Negative Ions

Blakely et al. [1980] have shown that ions can be generated in the gas phase without the use
of an external ionizer, if ice particles containing anions and cations are evaporated. When this
happens, the positive and negative ions that were trapped inside of the ice particle are released.
This mechanism does not require charged ice particles because overall neutrality is maintained,
since the charges on the anions and cations balance. If the icy grains in comets contain both
cations and anions, then the radicals in the coma might be formed by photodetachment of
electrons from the gas phase anions in the coma.

All of the models of comets suggest they were originally formed 109 to 1010 years ago in the
primordial solar nebula or in the nearby interstellar medium [Swamy, 1986]. It is thought that
this occurred by agglomeration of ice particles and mineral grains. Ions in the grains could be
formed by cosmic radiation, radioactive decay and photoionization before the ice particles
agglomerate to form the comet nucleus. Photoionization is the most efficient mechanism for
forming ijons in a small ice particle. The photoionization threshold for a single H,O molecule is

at 12.6 eV [Lide,1990], however, when the molecule dimerizes and forms clusters the following
type of reactions will lower this threshold [Nishi et al., 1984]:

(Hy0), +hv » (H,0)," +¢ LP.=112¢eV 3)
(Hy0), + hv - H,0*+0H +e& LP.=11.7eV )

This will decrease the photoionization lifetime by a factor of five due to the increase in the
photon flux [Huebner and Carpenter, 1979]. In Eqn. 2, a free radical and an ion are both
produced by a single photon. This is a result of the added stability of the protonated ion, which
not only lowers the ionization potential of the cluster relative to water, but also leads to a lower
dissociation energy for the radical and the ion. Similar mechanisms should be possible for other
hydrated molecules [Nishi et al.,1986, and Castleman et al. 1986].

The wavelength distribution of the UV radiation present during comet formation should be
similar to the UV distribution in H II regions around young stars. Greenberg and Hage [1990]

have_shown that it only takes 104 years to completely process the mantle of a grain. This is a
very short time compared to the 108 to 10° years available for this purpose, so it is likely that the
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outer mantel has been processed many times before the grains agglomerate to form the cometary
nucleus. The shortest wavelength of VUV radiation in the H II region is at 13.6 eV, which is low
enough to ionize most of the possible cometary molecules except CO and CO, [Duley and
Williams, 1984]. The electrons that are formed during the photoionization process can attach
themselves to atoms and radicals with a high electron affinity, E.A. The E. A. of the most
common cometary ions such as CH, OH, CN, C,, and C; are 1.24, 1.82, 3.82, 3.39, and 1.98 eV,

respectively [Lide, 1990]. Thus, some of the most stable negative ions can be formed from
cometary radicals. The charge on the negative ions formed from these radicals can be counter-

balanced by the positive charges on stable species such as H;0%, and H)CO*. Both CO and CO,

could be bound up in CO5", which could be formed by the reaction of O, and O with them in the

icy grains. If these grains are shielded from visible radiation inside the nucleus and are kept cold,
then these cations and anions will be stable for long periods of time. When these negative ions
are later released from the grain into the gas phase they will quickly form free radicals, since the
photodetachment lifetimes are only of the order of a few seconds. These arguments suggest that
it is not unreasonable to believe that the VUV radiation in a HII region could have formed cations
and anions in the mantles of icy grains that later form the nucleus of a comet.

An estimate of the production rate of radicals that can be produced via the release of anions
that are trapped in the icy grains can be made by calculating the number of molecules in the
mantle, N(rg), as a function of the grain radius. The thickness of the mantle is independent of the

grain size, and can be approximated from the optical depth of water ice in the VUV spectral
region. This is 0.03 mm for ice grains with a density of 1 gm/cc and a mean absorption cross

section of 1 x 10-17 cm2. The production rate, Q(R), is then calculated using Eqn. 5 by
multiplying N(x,) by the flux of grains with a given radius, the fraction, £, of the mantle that
contains the radical anion precursor, and then summing over all grain radii:

QR) = I NpF(rp)s &)

The result of this calculation is that the Q"(R) for all of the mantle molecules is 2.4 x 1027 s°L,
The ratios of the production rate of OH to the production rates of C,, C3, and CN are 250, 6700,

and 770, respectively [Fink, et al., 1991]. The production of OH in Halley at 1 AU was 4 x 10 2
s'1 [Feldman, 1991], thus only tenths to hundredths of a percent of the escaping molecules must
be anions to explain the observation of jet structures in comets. There is no physical reason why
this cannot be the case, since stable solids such as ionic crystals can be made with 100 % ions.

n ion

Theoretical calculations have shown that even with the most optimistic assumptions, the
yield of free radicals from the photochemical destruction of grains is much to low too explain the
observed jets in comets. An alternate mechanism for the production of free radicals and ions in
the gas phase from cometary icé€ grains has been proposed. This mechanism involves the direct
evaporation of trapped anions and cations in the icy grain. Radicals are then produced by
photodetachement of the electrons on the anions by solar radiation.
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Abstract

Recent laboratory results on the photodissociation of the C,H and C;H, radicals are

described. These studies show that the C, and C; radicals are produced by the 193 nm photolysis
of the C,H and C3H, radicals, respectively. The quantum state distributions that were determined

for the C, radicals put certain constraints on the initial conditions for any models of the observed
C, cometary spectra. Experimental observations of C, formed by the 212.8 nm photolysis of
C,H are used to calculate a range of photochemical lifetimes for the C;H radical.

Introduction

The formation of C, and C; in comets has been an intriguing problem in cometary

astrophysics [Jackson, 1976]. Numerous laboratory studies suggest that these radicals cannot be
produced as a daughter product by photolyzing a parent molecule. Rather, it has been postulated
that they are formed as granddaughters via the following reaction scheme [Jackson, 1976]:

parent ->daughter->granddaughter 1)

Cometary observations of the spatial profiles of C, and C; radicals have generally supported
the idea that these are granddaughter species [Cochran, 1985 and O’Dell, 1988]. Alternate
explanations are that these radicals result from ion-molecule reactions in the coma or some type
of direct volatilization from grains and the cometary nuclei. These explanations are certainly
more complicated than the photochemical formation of granddaughter species. It is important to
test this proposed mechanism to determine what limitations must be placed on using it to explain
cometary observations. In this paper, we will describe some recent laboratory experiments that
do put restrictions on the use of this postulate to explain cometary observations.

<
The laser-induced fluorescence (LIF), visible emission, time-resolved Fourier transform
infrared emission spectroscopy, and photofragment time-of-flight techniques have all been used

to establish that the mechanism for the primary and secondary photolysis of acetylene at 193 nm
can be summarized by the following two reactions:

GH, + hv193 ->C,H*+H 2)
CH* +hv, g, -> CZ(Eel, E,E)+H (3)

Fletcher and Leone have observed that the C, H radical formed in reaction (2) is vibrationally
excited with several quanta of energy in the bending mode [Fletcher and Leone, 1989]. Earlier it
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had been argued that this must be the case, since the C,H radical has enough internal energy such

that a 193 nm photon can be used to excite it to the second excited state in the linear

configuration, i.e., the B25* state [Urdahl,et al., 1988]. Ab-initio theoretical calculations have
shown the energies of this and the third excited state decrease when the C,H radical bends away
from the linear configuration of the ground state [Shih et al., 1979]. The energies of these excited
states are still not accurately known, but recent experiments in our laboratory suggest that the
>~ /ﬁ2f, which becomes the 32A" in the bent configuration, must be at about 47,200 + 700 cm’!
above the ground state. This number was derived from the observation of Cz(a3l'lu) radicals with

the LIF technique when C,H, was photolyzed at 212.8 nm. The error bars arise because the C,H

radical intermediate could have as many as 2 quanta of vibrational energy in the v, bending

mode. In comets, all of the C,H radicals will be in the lowest vibrational and rotational levels of

the ground electronic state. Thus one needs to add 700 cm’! to the above figure to compensate
for the vibrational energy that was present in the laboratory experiments. A correction also needs
to be made for the fact that the energy of the C,H excited state is higher when it is linear than

when it is bent. The ab-initio theoretical calculations suggest that this correction could be as high
as 8100 cm’! [Shih et al., 1979]. The experimental observations and the theoretical calculations

imply that photons with energies between 47,200 and 55,300 cm’! will be able to dissociate cold
C,H radicals in comets.

Maximum photochemical lifetimes can be calculated, with a few assumptions, using the
above information and the data on the solar flux reported by Heubner and Carpenter, [1979].
First, it is assumed that the absorption cross section for solar radiation can be replaced by an
averaged absorption cross section, <o>. This averaged absorption cross section is then combined
with the solar radiation for a variety of different absorption bandwidths. The largest absorption
bandwidth corresponds to a long wavelength absorption limit of 210.5 nm, while the smallest
absorption bandwidth corresponds to an upper wavelength limit of 180.2 nm. Table 1 shows that

the estimated photochemical lifetime can vary from 329 s to 3.8 x 10° s depending on the
absorption coefficient and bandwidth. The absorption bandwidth could be limited further if errors
could be put on the ab-initio calculations, however the range of lifetimes are certainly within the
range of lifetimes required by cometary observations [Fink et al., 1991].

The C, products formed in reaction (3) have been observed to contain electronic,

vibrational, and rotational energy. In comets, these radicals will also be excited since they will
arise from the same excited electronic state of the C2H radical. Once the C, radicals are formed

in comets, they will emit radiation in the singlet and the triplet manifolds and populate the various
vibrational and rotational levels of the X 12g+ and the a° I1, states, respectively [Jackson, et al.,

1991]. In the singlet manifold, the laboratory studies have shown that the All'Iu, B!A @ and the
B 12g+ states are produced. Radiation from these excited singlet states could produce at least

three different rotational and vibrational distributions in the X12g+state. Similarly, the laboratory
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studies have also shown that C, is formed in the a3l’lu and b3‘23g’r states, so two distributions of
vibrational and rotational levels could be present in the C, (a3l'lu) in comets. Once the radicals
reach their lowest electronic states in the singlet and triplet manifolds, they cannot relax further
via infrared emission because the C, radical has no permanent electric dipole moment. This
argument suggests that the C, radical in comets will be formed with two initial vibrational and
rotational distributions in the ag’l”lu state, and at least three initial vibrational and rotational

distributions in the X IE; state. Modeling of the Swan and the Phillips systems‘ in comets should

take into account these initial distributions[Gredel et al., 1989].
G

Laboratory studies on allene (CH,CCH,), and propyne (CH3C2H), using the photofragment
time-of-flight and laser-induced fluorescence techniques have shown that the Cj radical is
produced by the following sequence of photochemical reactions at 193 nm: '

CH,CCH, + hv193 > C3H,* +H, 4)
CH,C,H +hv g, -> GHy* +H, (5)
CyHy  +hv g, > Cy(XIL,") +H, (6)

LIF spectra taken during the photolysis of allene and propyne at 193 nm show that the rotational
distributions of the Cq (Xl}:g+) radicals are identical, even though the spectrum obtained using
propyne is considerably weaker than it is with allene [Gosine et al., 1991]. Theoretical
calculations using RRKM theory suggest that the excited propyne molecules must first isomerize
to excited allene before undergoing dissociation. For comets, the importance of this result is that

it suggests that the C;H, radical, which is known to be one of the most abundant interstellar

molecules, can be photolyzed to form C,. It also suggests that the C;H, radical can be produced
from a number of different parent molecules.

Conclusions
Laboratory studies on photochemical sources for the daughter radicals that can dissociate

to produce the C, and C,radicals have revealed certain constraints on their formation in comets.

The acetylene studies suggest that an initial bimodal distribution of vibrational and rotational
levels should be used in any modeling of the Swan system in comets. Limits have been placed
on the energy of the upper electronic state of C,H that may be involved in the production of C,

radicals in comets. A range of photochemical lifetimes have been calculated for the C,H radical,

and the results are consistent with cometary observations. Any molecule that can dissociate to
produce the intermediate daughter radicals C,H and C;H, will probably lead to the formation of

the C, and C; cometary radicals.
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Table 1

Calculated C2H Photochemical Lifetime at 1 AU

Long Wavelength Averaged Absorption Cross Section
2
Absorption Edge <g>(cm )
(nm) 1x1016 1x107 1x 1078

LIFETIME, 1, (s)

210.5 329 3290 32900

200.0 844 8440 84400

190.5 1683 16830 168300

180.2 3786 37860 378600
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