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THE REACTIONS OF GROUND AND EXCITED STATE SODIUM ATOMS
WITH HYDROGEN HALIDE MOLECULES

'P. S. Weiss,” J. M. Mestdagh,! M. H. Covinsky,
B. A. Balko, and Y. T. Lee

Materials and Molecular Research Division
Lawrence Berkeley Laboratory
and Department of Chemistry
University of California, Berkeley
Berkeley, CA 94720

ABSTRACT

The reactions of ground and excited state Na atoms with hydrogen halide (HX) mole-
cules have been studied using the crossed molecular beams method. With both increasing
translational and increasing electronic energy, the reactive cross sections increase in the re-
actions of HCIl and HBr. From product angular and velocity distributions detailed center-
of-mass information is derived. For the reactions of Na(32S,;, 32Py,, 4’Dy),, 52§, ;) with HCI,
the product NaCl is back-scattered with respect to the incoming Na atom in the center-of-
mass frame of reference. The reaction of each Na state studied with HCI is direct and pro-
ceeds via collinear and near collinear Na-CI-H approach geometries. For the Na(3?P,,) and
Na(4’Dy),) reactions with HCI the predominant transition state symmetry is X in a collinear
(C.,,) Na-Cl-H geometry. This is consistent with the reaction proceeding via electron transfer
from the Na atom to the halide atom. Absolute reactive cross sections for each state of
Na studied with HCI were determined by comparison with both small and large angle elastic
scattering. We were unable to observe Na atoms with over 4 eV of electronic energy react
with HF up to collision energies of 13 kcal/mole.

*Present address: IBM Research Division, Almaden Research Center, 650 Harry Road, San
Jose, CA 95120

~ TPermanent Address: CEN Saclay, SPAS Bt. 62, 91191 Gif sur Yvette, CEDEX, France



I. Introduction

The reactions of alkali atoms (M) with hydrogen halide molecules (IHX) have been
studied in great detail ' Experiments have been performed in order to determine the dy-
namics of these reactions as well as the effects of reagent translational,p-ﬂ vibrational,[s")]

J excitation on the reaction. Until recently, the eflect of electronic

" and rotational™® "
excitation remained unexplored.[“'M] With the appropfiate choice of alkali and halogen at-
oms, the reaction can be made exothermic, thermoneutral, or endothermic.

Most of the theoretical studies of the reactions of alkali atoms with hydrogen halides
have concentrated on Li+ HF because of its relative simplicity. Chen and Schaefer hafle
ca]qu]ated an ab initio potential energy surface which shows an entrance channelr well and
an exit channel barfier which is lowest for a bent transition state." Zeiri and Shapiro have
extended their _calculatioﬁs of Li+ HF to provide potential energy surfaces for 14 of the re-
actibns inthe alkali + hydrogen halide family.m’m They found that the barrier was lowest
for a bent configuration in the M + HF potential energy surfaces, but was lowest for collinear
and near collinear geometries'in the M +HCI, HBr, HI potential energy surfaces.

No.orBatcha and Sathyamurfhy performed quasiclassical .trajectory calculations”* " on
an analytic function fit to the Chen-Schaefer surface by Carter and Murrell.[nj They pre-
dicted a large (~1 eV) vibrational threshold to reaction, which was not found in the earlier
crossed molecular beam experiments .(in which essentially all of the HF and HCI molecules
were in v=0).[2] They also predicted an initially decreasing then increasing dependence of "
reaction probability on rotational energy. This effect, although of a lower magnitude was

seen in the experiments of Blackwell er att'

Sevin et al. have calculated potential energy surfaces for Na(38,3l’,4$,4P,5$)+I—IF.[m
They found that for all the excited state processes cxciplexes exist with stabilities of 0.5 eV
for Na(3P) to over 1 eV for more highly excited Na states with respect to reactants. The

exciplexes occur somewhat before the transition state on the ground state on the reaction



coordinate, which is rather steeply inclined at that point. Whether there is a possibility of"
proceeding to product NaF+H hy_this path is unclear from the calculations.

Gallo and Yarkony have calculated potent1a1 energy surfaces and their nonadrabatlc
couplrng for Na(3 P,3 P)+HC1 in the same manner that Yarkony prevrously calculated for
the reactron of L1(2 2 P)+ HCL” (2425) For Na(3 P)+ HCl they found that there is a potentlal
well in the entrance channel Wthh is stable with respect to reactants by 0 24 eV and was
nearly perpendrcular (Na Cl H) Also, they found an exit. channel barrler in the ground state
surface that is bent at 55° At approx1mately the same separatlon as the barrier, but wrth
a larger Na- Cl H angle lOO° there was a max1mum in the nonadrabauc couplmg This is
: 1mportant smce exc1ted state reactants do not correlate adrabat1cal]y to (energet1cally acces-
sible) product NaCl+H and thus swrtchmg onto the ground state surface is requrred for .

reaction.

.A crossed molecular beams study was performed in our laboratory for the reactions -
Li+HX — LiX+H (X=F,Cl) in order to provide. a test for theoretical calculati_ons.m The
Li+ HF reaction proceeds with a low cross section; oy < 1 A2 yielding an average opacity
of 0.1, at collision . energies of.3 kcal/m_ole via a collision complex, and at 9 kcal/mole the
lifetime of the colliSion._c,omplexr a'ppears:to be shorter than the rotational period.of the
complex. Li+vHCl had higher reactive cross sections, or > 25 A?.and proceeds directly at the
same collision energies, yielding an average. opacity of 1.’

Brooks. and co-Workers looked at the effect of translational energy on the K+ HCI re-.
action.[d’s_] Theyj found an increase in reaction probability‘ as the collision energy was in-
creased from 3 to 10 kcal/mole, and then a fall-off as the collision energy was further
increased to 18 kcal/mole. Heismann and Loesch, however, saw .the reaction probability for
K+HX (v=0,1) - KX+H (X= F,Cl)[6]_rise steadily until reaching a constant value for
collision energies from approximately 20 kcal/mole up to over 40 kcal/mole. hacmann and

Herschbach studied K+ HCI. at collision energies of 1-20 ¢V, the production-of K+ was ob-



served only above the thréshold for the appearance of both K+ and Cl-, but did not see
K*(4P).[3] Balint-Kurti and Yardley have suggested that this was due to KCI molecules
formed in very high vibrational levels which then dissociate to ion pairs.[zﬂ

Odiorne, Brooks, and Kasper studied the effect of reagent vibrational excitation on the
reaction K+ HCl (v=0,1) - KCl+ H.t" They found a rise in the estimated reaction cross
section from og (v=10)=0.15A2to og(v=1)=20 A2 for a collision energy of 3-4 kcal/mole.
Heismann and Loesch found similar results for K+ HCI (v=0,1) ét low collision enérgies
but saw a decrease in the vibrational enhancement with increasing collision energy.m' The
dropping off of the vibrational enhancement was due more to the.increase‘, in og(v =0) with
increasing col]ision energy,.than to a large drop in og(v = 1), although there was a gentle
decrease in oR (v-' 1) at higher collision energies in the cases of both IICl and HF.

For rotational excitation in K+ HX(v=1,]) — KX+H the rcactlve Cross section de-
creased by a factor of 2 as J was increased from 1 to 4 for X=Cl.[ ] By contrast, the cross
- section increased with J increasing from 5 to 7 for X= F.[S] This is as expected, from very .
vlow to moderate rotationall gxcitation, the‘favored orientation for reaction is destroyed; With _
increasing rotational éncrgy, the orientation is blurred due to fast rotation. Alternétively, this
increase could be attribufegl to favorable excitation of bending‘in the transitiqn §tate when
the rotational angulaf momentum and the orbital angular momentum compensate which
could help overcomé the exit barrier té reaction. Blackwell, Polanyi, and Sloan looked at
the reactions Na+HX — NaX+H for HX=HF (v‘= 1-4, 1=0-14), énd HX =HCI (v=1-4,
J=0-19) in a fascinating series of experiments that monitored the depletion of the infrared
chemiluminescence of chemically produced HF and HCI by reaction with Na atoms. In
comparing the reactivities of the various rotational levels withjh each vibrational level, they
saw an initial decrease in reactivity with increasing J, and then a subscqueﬁt increase. The
‘rotational energies achieved in this study were quite high. For HF, the maximum rotational
energy was approximately 0.5 eV, or about one-fourth the energy of the first alkali electronic

excitation, or about the energy of one HX vibrational quantum. It should be noted that for



Na+HF, a system discussed below, no depletion, and thus no reaction, was observed for
HF(v=1) which with a collision energy of >1.7 kcal/mole is -energetically allowed to react.
to NaF+H.

~The first .crossed molecular beams study on the reaction of electronically excited sodium

atoms was studied in our laboratory.[“,J This was:
Na(nL) + HCl - NaCl + H AHS =" 4.7kcal/mole, | (1)

for which the reactive seéttefihg of the greund (3251 ,2) and first excited (3'2P3/'2) states were
studied. At a collisi'o’nvene'rgy of 5.4‘kca1/mole'the ground state barely reacted due to tBe .
endothermicity of the process. 'The.pro'duct NaCl had a broad angular distribution which
was sljghtly back-scattered in the center-of-mass’ frame relative to the incoming Na atoms.
This implies a direct reaetion with collinear or 'nea'r-coillinear" Na-Cl-I ‘ap'proeeh geomefries
‘required'for reaction. ‘Note tHat this is in contrast to the stable Na(3P)-CIH benit complex
and tranéiiien state calculated in ref. [24] for this system.: The produ‘ct, transllational' enefgy
dlstrlbutlon was found to be broad and flat, remammg approx1mate]y constant ‘from nearly
zero translational energy up to all of the avallable energy gomg into translatlon At high
collision energy, 19.4 kcal/mole, where the reaction cross section becomes Sﬁbst’antially larger,
there was ‘still an increase in reaction with electronic excitation, but the ehhaﬂcéfﬁenf was’
clearly lower. This feflfect' is'.similérvto 'vibrational excitation, where enhancement is largesi '
when the kinetic energy is near the threshold region. - - o

.Dﬁren and coworkeérs have recently observed the reaction of Na(321’) +HF using a Vefy
sensiti‘v'e hot wire detector..'”) They deconvoluted the inelastic Na atomi S¢aftering from the
reactively scattered NaF by ex_amihing fhe ti}he—ef-ﬂight 4spec.t.r_a of the scattered pai’ficles.
Although due to the kinematics of the system'tfley were limited in the amount of forward-
scattered product 'fhey could measure, they appear to havé found symmetric forward-
backward scattering consistent with the‘forfnation of a ccj)llisioné"‘cohqplex at a collision energy

§

of 7 kcal/mole. They also measured the atomic Orbitél'ali'gnment‘"'depe'nde'hce“of the reaction -
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by rotating the polarization of the laser optically pbmping the Na atoms, but saw only “very
weak variations.”t*]
The intention in performing the experiments of electronically excited sodium atoms with
hydrogen halides described here was to enable a comparison between thé effects of electronic
excitation of sodium atoms on these reactions with the effects of other forms of energy- al-
ready investigated. Specifically, how do the cross sections vary with electronic energy and

the alignment of the electronically excited orbitals, and how aré the reaction dynamics af-

fected by varying electronic eriergy and the symmetry of the excited state?

II. Experimental

B

. : . . 2,11-13,29,30
The basic crossed molecular beams apparatus has been described prevmusly,[ ‘ ]

but several modifications were made to allow laser excitation at the crossing of the atomic
and molecular, beams. |

Three types of experiments were performed: (1). product angular distributions were
measured by rotating the detector about the collision region, (2) product velocities for fixed
detector angles were measured using the time-of-flight method by modulating the product
directly or the reaction itself by modulating the laser, and (3) the effect of rotating the laser
polarization and thus the excited orbital alignment upon‘ the reactive product at a fixed de-
tector angle was measured.

Sodium vapor and a rare gas were mixed in an oven as described in refs. [12,13]. The
Na-rare gas mixture was expanded through a stainless stecl noé.zle into a’ vacuum chamber
maintained at ~10~4 torr, through a stainless steel skimmer, into a differential pumping re-
gion, and finally into the collision chamber. The secondary molecular beam source was a
heated stainless steel tube with a 70u platinum nozzle on the end. The collision region was
surrounded with a liquid nitrogen cold shield, and was typically at ~10-7 tovrr. The volume

of intersection of the beams was 1 x 3 x 3 mm® A triple differentially pumped ultrahigh



- vacuum quadrupole mass. spectrometer equipped with an electron bomb'ardme_nt_ionizer and
a Daly ion detector rotates about the collision region in the horizontal plane which includes .
the atomic f;md‘ molecular beams.

Two optical Windpws mounted on the machine wall faced the secondary molecular beam
source - one directly in the path of Vthe molecular beam, apd one lO'f below that. One or
two dye laser beams entered through the lower window and were reflected up into the
crossing region perpendicular to the scattering plane. The upper window was used for the
collection of atomic ﬂuqreécence, as was a conflat viewport in the beam plane and in line
with the detector when the detector was placed at 12.5° from the sodium atom beam in the
direction of the secondary beam source. o |

Two other.optical ports were each at 45° angles to the atomic and molecu‘lar‘be“am éxes
at their crossing point in the beam plane so as to give a clear line 6f sight that passed
througﬁ»theﬁﬂéros'si‘ng' régio’nf “Each port had a Brewster window and a set of three éharﬁ
blackened apertures to spatially filter stray light. The laser was passed through these two
ports in order to measure the Doppler profile of the Na D, line and thus the 'vélz)bit}‘; profile
of the sodium beam. | :

The optical pumping setup is shown in fig. 1. The Na(3?P;, < 325,,) D, transition was
pumped by a cw s'ihgle—frequency actively s‘tabilized'linear dye laser (Coherent Radiation
Model 599-21) using’ Rhodamine 6G, pumped by 2.7 W at 5145 A using an argon ion laser.
This laser output 70-100 mW at the 5892 A (yellow-orange) Na D, transition Wé\}eIength.

A second transition from 32P,, was pumped by a cw single-frequency actively stabilized ring”
dye laser (Coherent Radiation Model 699-21/29) using Rhodamine 6G pumped with 6.0 W
at 5145 A with an argon ion laser. This was either the IIV\Ja(SZS”2 ‘4——'32P3/2)_tfranSitioﬁ at 6162
A (red, with 200-500 mW), or the Na(42Ds, « 3?Py,) transition ét:5690 A (green, with

| 400-800 mW). In some cases the laser frequencies were dithered 4+2-5 MHz at 510 Hz and
23 Hz, respectively, and locked to the peak ‘of the fluorescence of the upper transition uSi‘nl.g B

lock-in amplifiers.



-7-

As shown in fig. 1 the two lasers were combined by having one laser beam nearly graze
a mirror (M) off the edge of which the other beam was reflected. The two beams were thus
very nearly parallel and their overlap was maximized in the collision region (after a path: -
length of greater than 3 m.) by maximizing the laser produced reactive signal. The two laser
polarizations were kept parallel at all times. Each laser was monitored with a spectrum an-
alyzer (FP) with a 1.5 GHz free spectral range. An iodine cell was used to detefmine the
frequency of the laser using the iodine atlas of Gerstenkorn and Luc,_[m Approximately once
an hour, a computer controlled shutter (S) sent a fraction of the 5890 A light to the 45°
Doppler crossing path in order to measure sodium beam velocity distributions. The lasers
could be circularly polarized before being combined using a quarter-wave plate (1/4) for the
5890 A laser,"and a Soleil-Babinet Compensator for the other laser. After being combined
and before entering the main chamber the twob lasers could be passed through a cross-
correlation time-of-flight wheel.ml Also, one or both of the lasers could be modulated at
3 Hz using a beam flag (not shown) run synchronously with the 150 Hz tuning fork sec-
ondary beam chopper whiéh was located in the differential pumping region of the secondary
beam source. The linear laser polarizations could be rotated in tandem using a computer
controlled stepping motor driven double fresnel rhomb pdléfization rotator. As described
above, the lasers entered the vacuum chambér ’pvarallel to and below the secondary beam,
and were reflected up into the collision region frdm a mirror on the bottom of the machine.
The fluorescence monitor positions were in line with the detector positions -12.5° and 90°
(relative to the sodium beam). |

The experiment was controlled by an 1.SI-11/23 com>puter. Ahguiar and time-of-flight
distributions and polarization dependences were recorded, and machine conditions were op-
timized using programs described in ref. [13]. | |

Three sodiu‘,m atomic beam energies were used. The rare gas backing pressures used
were: 200-1000 torr for helium, 100-400 torr for neon, and 100-400 torr for argon. The large

ranges were due predominantly to the various nozzle sizes at which measurements were made.
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The atomic beam was seeded with gases of research grade purity (99.999%, Scientific Gases).
The values of the peak velocity and speed.ratiofor:the.three backing gases.commonly. used
are given in Table I. The.secondary beam conditions used for the measurements are given '_
_in Table II.

Six channels of data were recorded simultaneously from two sources. The signal from
the quadrupole mass spectrometer was recorded with the laser(s) and secondary beam on and
oft ‘Also, the signal from the: fluorescence monitor was recorded with one (or both) laser(s)
on and off. . The reactions of four electronic states were measured. First, the Na(4D) versus
Na(3P) distrib_ut'i‘ons;were measured with the yellow-orange (Na(3P<—3S) transition) laser’ él-‘ ‘
ways on, .and .the green (Na(4D«3P) transition) laser modulated. Then, the Na(SS) versus:
Na(38S) distributions were measured by modulating the yellow-orange (Na(3P«<3S) transition)
and the red (Na(55+3P) transition) lasers with the beam flag.

The signal due purely to- the excited state (EXC) is:

(LonBoq — LonBom) — [(1 - FE)(LOITBon _ LoffBoff)] v

EXC = TE

(2)

where Log',onBon/of{’ are the mass spectrometer signals with the laser (L) and the secondary
beam (B) on or off, and FE is the fraction excited. Note that the Contr_ibutipn due to the
fraction femaining in the lower state .w_ith the lascr_ on (1-FE) is rc_movgd. ‘To counteract the
effects of long term drifts in maphine conditions, an angle - usually the peak of the re_a‘ctive_
signal - was chosen for the normalization of the data. After every ten measurements at
various angles, measurement at this reference angle was carried out. The time at which each
measurement was taken was recorded, and the da;a was normalized by taking a linear in-.

terpolation in time between successive sets of normalization measurements.

Polarization measurements were recorded with the addition of a broadband polarization
rotator (Spectra Physics 310A). This polarization rotator was mounted to a stepping motor

(Slo-Syn M062-FCO9E) driven by a CAMAC pulse generator (Kinetic Systems 3360). As



with angular distributions the measurements were made for 60 seconds in real time.  Note
that each polarization rotation measurement was made with the detector held at a fixed an-
gle. By using the upper laser entry window, the laser polarization could also be rotated out

of the scattering plane.

The favored polarization é_nigle ¢ and the amplitude of the polarization dependence (2A)

were determined by fitting a cosine curve of the form:

Normahzed Signal = Acoe(2(0 d)))+(l——A) , . (3) .

to the reactive signal. The same was done for the fluorescence signal for the signal from a

fixed ﬂuorescence monitor in the plane of the scattering. | Thie fluorescence amplitude pro-'

vides a dlrect measure of the fraction of atoms ahgned as dlscussed in ref [13] The fit of

equation (3) to the ﬂuorescence data gave the amplltudes as 2A 0.35 for the 3P exc1tat10n

and 2A =0.32 for the 4D excitation.

The time-of-flight (YT()F). measuremeets for product v'elecity distributions reported here
were made by modulating the laser with a'pseudo-.rando'm binary sequence of 255
photoetched slcts' on a wheel which spun vat 392 Hz to give a time resolution of 10 psec over
the 20.8 cm flight path of the feaction pfoducts. The TOF spectra were recorded on a
CAMAC 4096 channel sceier described in ref. [13]. As discussed in' ref. [11], the laser
modulation has the disadvantage of medulating any si'gnalr due to ground state in the op-
posite direction, and this data must be either measured or accurate]y synthesized in order to

be taken i_htd account in the subsequent data analysis.

The data was transformed from the laboratory frame of reference in which it was re-

corded to the center-of-mass (cm) frame of reference in which it is easily interpfetable by the

' . . o . 33,34]
forward convolution method taking into account the experimental resolutions.”>**} The

&
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parameters for the cm distributions were varied.iteratively in order to minimize the differences .

of the measured and calculated laboratory angular and velocity_ distributions. , .

The relevant Na atomic energy levels are shown in fig. 2. The fine and hyperfine
structure are not shown in this figure. The three upward pointing arrows show the essential
transitions optically pumped. The Einstein A coefficients for these transitions have been

1351 2nd calculated **7 for all the states relevant to the present study.

measured experimentally
To pump the Na(32P3/2) state a single laser was tuned to the 16973.379 cm~! (yellow-orange)
Na(3%P,),, F =3« 328, F =2) t.ransit‘ion.' In order to pump the ISZS,/2 state, a second laser
was tuned to the 16227.317 em™! (red) Na(5%8,, F =2« 32P3/2, F =3) transition. To pump
the 42._[)5/2‘ stfit_:jf:,l the second léser was tuned t;) thev_ 175;75.410 cr"n'j‘ (green) | |

Na(4’Dy,,, F = 37P,),, F: 3)_transiti_on. Note that in pumping th,ev 52.S,./72 ar‘ld: 42p5,2 states, the
4S and 4P states were ra_diétively populated. 'rhe details of the la#ef excitétior'l‘ of sqdium }

have been discussed by Hertel and co-workers.l’”>*]

' Ex_perimen.ts. on reactive scattering have shown that having both lasers circularly
polarized in the'svame sense yielded a Na(4D) fraction approximately 15% higher than having.
both lasers lingarly polarized with their electric vectors parallel. If the two lasers were cir-
cularly polarized with the opposite sense, the fraction cxci_ted was reduced_ by more than a
factor of 3. Several of the product angular distributions of the reactive scattering of Na(4D)
atoms were performed with both the linear and circular polarization optical pumping
schemes, and 'no'Fund_amcntal difTerences were observed betwegn the cases. No polarization
dependence of the reactive scattering at a single detector angle of greater thvan 17% was seen,

so this should limit the effect on the angular distributions recorded.

. ..For the reactive scattering experiments of the 4D state, it was not possible. to separate

the contributions pf the radiatively populated 4S5 and 4P states. Thus, the angular distrib-
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utions derived for the 4D state in general contain the contributions of these states. No ex-
periments were done to directly excite the Na(4S,4P) states. For the distributions, it was
assumed that (1) the excited state fraction in the 3P state remained uncha'nged when the
second laser was added, (2) the ground state contribution to the reactive scattering of the
ground state was negligible, and (3) the fraction excited to the 4D state was 80% thgt to
the 3P state. Assumption (1) is based on the experimental observation that the fluorescence
from the 3P did not change when the second laser excitation was modulated. Assumption
(2) 1s an empmcal observatxon Assumpt1on (3) is based on the estimates of Jamieson et

a3 The scattering due to the Na(4D) state was determmed as:
= (ON4D — OFF3P) /0.8, : Q).

where 4D is the s1gnal due to the Na(4D) state ON4D is the signal with both lasers on,
OFF3P 1s the 51gnal w1th the green laser off and the yellow laser on (so that the 3P level
was still exc1ted) |

As in thQ 4D case, a second dye laser can be used to excit:e from the 351"3/‘2 level to the
528, level. The 5%, 12 level can fluoresce into both the ﬁne §tructure states of fhe 3P and
4p states (the branching ratio is 0.5.1.0.0.4.0.7 for: 32P,,:3%P4,:4?P, 24Py, There is no
sxmple way to avoid ﬂuoresccnce into dark levels, but as pomted out by Jamleson et al 391
and observed hcre there does not seem to be a large dllTercncc in the pumping eﬂlc1ency
of this level relative to pumping the 4D level.” I Linearly polarized lasers whose electric
vectors were parallel were used to pump the tranéitions. Estimates by Jamieson et al. for
the fraction in each slate witl1 excitation to the ;SS state are shown as the bracketed quantities
in fig. 2. | |

As with the 4D state, it was not possible to separate the contributions to the reaétive
scattering by the radialively populated 4S and 4P states. Thus, thg»distribulions derived for

the 58 state also contain the contributions of these states. The same assumptions regarding
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the excitation were made as for the excitation .of the 4D state as in.equation (4) mutatis .

mutandis.

II1. Results - .~
1. Na(4D,5S) + HCI -

" When excited to the Na(4?Dj);, 5%S, /2) states and reacted with HCI in crossed molecular
beams the NaCl product angular and velocrty d1str1but1ons change substantlally from what '

was observed for the Na(3?P,)) + HCl reactron Angular drstrrbutlons for:

Na(3$, 3P, 4D, 5S) + HCl —» NaCl + H AH® =*4.7 kcal/mole.l*?? (5)

t

were measured at colllsron energies of 3.4, 5.6, and l() 3 kcal/mole Newton veloc1ty vector
dlagrams detarlmg the klnematlcs of the system at these three colhslon energles are shown
in fig. 3. The angular distributions themselves are shown in figs. 4-6. The dlstrrbutrons
shown are the raw data - the 4D and 5S curves include the contributions of 3S and 3P as
well as the radlatlvely populated 4S8 and 4P states. Two dramatic elTects are 1mmed1ately
apparent the angular drstrrbutlons have narrowed and the srgnals at the peak have 1ncreased
in gomg from Na(3P) to Na(4D 59) TOF measurements for Na(4l) S§)+HC1 at a collrslon
energy of 5.6 kcal/mole are shown for various detector angles in ﬁgs 7 and 8, respectrvely
The TOF dlstrlbut1ons 1nclude the contrrbutron of Na(3P) also, as well as the negatlve con-
tribution due to the deplet1on of the ground state as discussed in ref. [11]. These measure-
ments conﬁrm that there is actually less translatronal energy in the NaCl due to the reactlon
of Na(4D 5S) than that due to Na(3P).
| At a coll1sron energy of 5. 6 kcal/mole for Na(4D)+llCl the dependence of the reactlve

s1gnal at several detector angles upon the laser polarl7at10n was measured as descr1bed above

The der1ved drstrlbutlons are shown in fig. 9 and summar17ed in Table IT1. As seen in Table
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I11, at all detector angles measured the favored polarization angles for reaction were within
a few degrees of the relative velocity vector of the system.

Simultaneously recorded polarization dependences for Na(3P)+ HCI showed no observ- -
able polarization dependence e)f(cept for the farthest back-scattering (at a laboratory detector
angle of 56° for which a 3% dependence (2A =0.03) was observed favoring reaction when
. the laser polarization was parallel to the relative velocity vector. In previous measurements,
no effect was seen for Na(3P)+ HCIl, but the minimum detectable effect for those measure-
ments was 10-15%, so that it is not surprising that nothing was seen.[”] The upper limit
of any polarization dependences for the other angles (30°-50°) for which none were observed

could safely be put at 2%.
2. Na + HF

At collision energies up to 13.4 kcal/mole no reaction was observed for:

Na(38,3P,4D,58) + HF — NaF + H AH? =" 13, kcal/mole.1*”? (6)

Extensive signal averaging yielded no detectable NaF within the angular limits defined by its
kinematics at m/e=42 (NaF*) nor at m/e=23 (Na*). As mentioned -above, reaction of

[14]

Na(32P)+HF was observed by Diiren et al. with a very sensitive detector, - as well as for

ground state sodium atoms with vibrationally excited HF (v > 2) in chemiluminescence ex-

periments by Blackwell et alt'”
3. Na(3S,3P) + HBr

Angulaf distributions have been measured for the reaction:

Na(3S,3P) + HBr — NaBr + H AH? =*0.4 kcal/mole!"” (7
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at collision, energies of 3.0,.5.3, and 20._()‘-kca]/m01¢‘,f as shown in figs. 10, 11, and 12, re- .

spectively. Being very nearly thermoneutral in the absence ‘of electronic and collision energy;:
a substantial amount of ground state reaction was observed for each collision energy studied.
Still, there was a significant increase in the reactive cross section for the reaction when the -

Na atoms were excited to the 3P state.
I'V. Analysis of Experimental Results

Expefimen£a1 aﬁgular .zhind ‘TOF disfribﬁtions were fitted usiﬁg thé I‘(.>brwa1.'d”cc‘)nvolution
method by varying independent cm scattering angular and translational energy diétributions
of products in the center-of-mass coordinate system. The best fits to the measured angular
distributions for Na(4D)+ HCl and Na(5S)+ HCI obtained for the 5.6 kcal/rhole collision
energy are shown in fig. 13. The fits of the same cm distributions to the TOF data are shown

in figs. 7 and 8 for Na(4D)+ HCI and Na(5S)+ HCI, respectively.

A .comparison of the best fit translational energy distributions ( P(E'y) distributions) at
collision energies.of. 5.4 kcal/fno.le for Na(3P), and 5.6 kcal/mole for Na(4D) and Na(5S) in
fig. 14 points up. this large change in the dynamics of the reaction. Note that with increasing -
electronic energy, the peaks and the mean energies in the P(E’;) distributions move to lower
energy, with E't . = 16, 7, and 4 kcal/mole and < E'r> =.20, 7, and 7 kcal/mole for the
reactioﬁs of the 3P, 58, and 4D, respectively. The tails of the recoil energy dist‘ributions'in '
all cases go out to the maximum possible energy available.

The calculated cm angular distributions (T(6)) are shown in fig. 15 for the product NaCl
due to Na(5S) and Na(4D) at 5.6 kcal/mole. These are similar to the T(8) found for the
reaction of the Na(3P) atoms in ref [11]. The NaCl due to the Na(4D 59) states show

backwards peaking with over 70% scattered into the backwards hemlsphere versus just over
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50% for NaCl due to Na(3P) reaction. The features of the two upper state T(6) distributions
are sharper and exhibit a sharp rise at approximately 90° for eaeh. .

" The relative integrated cross sections for the reaction at 5.6 kcal/mole increase with
increasing electronic energy.‘. The ratios of integrated cross sections for the excited electronic

states are:

. 6.2(4D): 4.3(58): 1.0 (3P) at 5.6 kcal/mole.

As in equation (4), a relative optical pumping efficiency of 0.8 for the upper state (4D or
5S) as compared to the 3P state was aseumed, vand the fraction of atoms in the Na(3P) sta,te'
was assumed unchanged ‘wnen the second laser was turned on. |

Assuming 20% efficiency in optically pumping the Na(3P) state from the ground state,

the following ratios of reactive cross sections were obtained:

115 (3P): 1 (3S) at 5.4 kcal/mole, and
6 (3P): 1(3S) at 16.3 kcal/mole.

The 20% pumplng efﬁmency is a liberal estimate, particularly in the most difficult to pump
case of Na seeded in He (Eco“= 16.3 kcal/mele). If the pumpmg emcrency were lower the
enhancements would be larger than those reported above. Also, by lowering the colllslon
energy‘ below the endothermicity of the reaction, the enhaneemenr cou]d Be_ made arbitrarily
large; at 3.4 kcal/mole, this measured ratio was in fact infinite because of ‘ the lack of reaction
of Na(BS)

The absolute reactrve cross eeetrons can be estimated by compamon with small angle

elastic scattermg{ 2 This method ehmmatee the need to know the rcactant beam number

“densities at the interaction region - dlfﬁcult quantities to determine accurately. Also, since

both elastically scattered Na and reactively scattered NaCl can be observed at m/e=23 (as
Na ), only the relative probablllty of ionization of the two spemes to Na needs to be

known, rather than the exact ionization efficiencies and the transmission functions of the
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quadrupole mass spectrometer at two different masses. The cross sections determined have
an accuracy of no better than a factor of two. The estimated cross sections for the reaction
at a collision energy of 5.6 kcal/mole are given in Table 1V.

. The absel_ute cross section can also be estimated by comparison with large angle elastic
scattering which is attributable to low impact parameter collisions. A hard sphere collision .
is assumed which leads to isotropically scattered products if the impact parameter of the
collision is smaller than the sum of the spheres’ radii. The sum of the radii is equivalent to
the classical turning point of the Na-HCI potential curve, which by analogy to
He'(2"S).-‘|¥ Ar is estirnated to be 3 A at a collision energy of 5‘keai/moie.[43] This giyes"a
hard 's;")here'crossisection of 28 A2, The values ef the absolute reactive cross sectien o_htained
in this way are shown in the right.hand‘ celumn of Table 1V, and agree reasonably well With

the values ‘obtained from the small angle elastic scattering.

V. Discussion

1. The Mechanism and Product Energy Distribution in. the Na(4D,5S)+ HCl Reaction

The dommant features of the Na" + HCI scattermg are the decreasmg product
translatlonal energy and the 1ncreasmg reactlve cross section w1th increasing- electromc energy
Whlle an electron ]ump mechamsm has never bcfore adequately explamed the dynamrcs

U the very low 10n17at10n potentlal of the hlghly ex-

of an alkah hydrogen hahde reactron
cited alkall atoms could increase the efTect of such a process. H(,l is known to be
dissociative.[*"? HCl is dissociated by electronq‘with relative]y low energiec and diesociative :
electron attachment measurements yleld an emmated (negatlve) vertlcal electron af‘fimty of

- -0.815 ev.I* Thus if an electron transfers from the sodlum atom to the IIC] at Iong range,
the HCl could qu1ckly d1ssoc1ate Smce the H atom is $0 much hghter than the Cl ion, the
H atom will raprdly depart if the effect of the Na is 1gnored The Na and the Cl ions

are then left at a separatlon approx1mate1y equal to the electron jump radrus
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If an electron jump mechanism is assumed, then the largest impact parameter leading
to reaction would be the same as the position of the crossing of the neutral and ionic po-
tential energy curves. By neglecting the long rangé neutral attractions, this can be estimated

by:
IP-EA = & | S T @®

where IP is the ionization potential of the appropriate sodium level, EA is the electron af-

finity of the HCl molecule and r is the croésing radius of the neutral and ionic
C
[

45,46 . . . .
_curves. ] For the four electronic states of sodium studied, this yielded the values of r

[+

shown in table V.

‘As pointed out in ref. [11], the electronic transfer radii for the Na(3S,3P) states are too
small to be able to separate the breakage of the HCI bond (by electron transfer) from the
formation of the NaCl bc_md. By the time the electron transfers from the alkali atom, the

H atom already feels the repulsion of the closed shell NaCl mdlecule that is being formed.

 With the larger electron transfer radii of the Na(4D,5S) states, this is no longer the case.

The H atom feels only the repulsion of the closed shell Cl atom.
If the orientation of the HCI is not important, the electron transfer cross section (o )
. . . ! €

is expected to be:
o, = mrg. [©

The values of ¢ are given in the right-hand column of table V.
e

The cm NaCl angular distributions derived for the reactions of Na(4D,5S) with HCI lead

~ to the conclusion that the opacity function (the reaction probability as a function of impact

parameter) was not P(b)=1 for all b<r. That is, not all encounters close enough for
C
electron transfer led to chemical reaction. The relatively strong back-scattering implies that

the favorable configuration for reaction (of Na(4D,5S)) was Na-Cl-H.
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'The values of aR(3P), aR(4D), and aR(SS) shown in table V are all _si‘g_niﬁcantly lower
than the electron transfer cross sections given in table V. Also,, note that the rclgti\{e cross
sections do not go up as the square of the crossing radii.. This is ipdicat_ive of what is already
known from the cm angular distributions -- the importance of the orientation of HCI with
respect to the approaching Na atom which causes the opacity function P(b) to be signif-
icantly less than 1 for b< r.

Evidence that electron transfer takes pléce at distances much larger than the impact
parameter -of most of the reactive collisions comes from the polarization ‘dependences. All
favored- laboratbry polarization angles d)LA-B were near the angle of the relative velocity vector"
as shown in fig. 9-and table I11. This is made clear in the d)t:]\/; values, which are tiie angles
between the favored laboratory polarization angles and the angle of the relative velocity
vector of the systemvin the laboratory frame of reference. This is in sharpitontrast to the
lack of noticeable polarization dependences‘ seen for Na(3P)+ HCIl. In the limiting case of
C,,, (collinear) geometry the:required symmétry for reaction to form the ionic NaCl is T

since the ion pair derives this symmetry from:
Na*('s) + Harzsh) - o (10)

Because of t‘hezlg.roun‘d.s’tate HCI'(XzEJr) syrﬁrﬁetry, all e]ect;onic angular momentum .of the
Na(4D) must be perpendicula‘r to the Na-CI-H axis -- requiring the 4d,; orbital ‘tcb)i be along
the Na-Cl-L-L»axis.

If this colliﬁear geometry and ’s symmetry were a strict réquirement for reaction, then
as the impact parameter was raised the Na-Cl-H orientation (axis) required for. reaction
would tilt with respect to th»ev- relative velocity vector.- In the impulsive réaction limit, this
would lead to ‘lower cm ' (NaCl) scattering angles and thus lower laboratory scattering angles.
Also, this would imply that the favored polarization for reaction would rotate with respect
to the relative velocity vector to match the Na-CI-H axis. Of course, since different impact -

parameters would lead to different reactive orientations and different scattering angles, the
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polarization dependence would vary as a function of laboratory scattering angle. This was
not observed. Therefore, the assumption of collinearity and/or the impulsive approximation
that the scattering angle depends upon the impact parameter are incorrect if larger impact
parameters lead to reaction. From thé backwards-peaked NaCl angular distributions we de-
duce that only small impact parameters lead to reaction, and thus the reactive collisions are
not impulsive.

Two features observed imply that the Na(4D,55)+ HCl reaction proceeded t_hrough long
range electron transfer and early H atom departure, even though only in a limited set of
orientations and impact parameters. These are the very low product recoil energy, and the
polarization dependences for the reaction of Na(4D) versus the lack of a polarization de-
pendence for the reaction of Na(3P). That the reaction occurred through early departure
of the H atom, but only for small impact parameter collisions, indicates that a coupling of
nucléar and electronic motions was required for reaction. Otherwise, any trajectory for which
electron transfer was energetically possible (i.e. for b<.rc) would have led to reaction.

Three other processes were energetically possible under the conditions studied in the

collisions of Na* with I—IC]. It was possible to have the reaction proceed to form NaH':
Na + HCl - NaH + CI AHg% ¥58.8 keal/mole.1*"! oan
It was also possible to collisionally dissociate HCl:
Na + HCl » Na + Cl + H AHS= *102.2 kcal/mole,[*" (12)

The third set of energetically possible processes involves quenching to other electronic states

of Na:

Na(nL) + HCl — Na(nl) + HCI(v,J). 3

The electronic energies available for reaction were 98.8 kcal/mole and 94.9 kcal/mole for,

the 4D and 5S states of Na, respectiVely. Both these energies are more than sufficient for
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the production of NaH (process (11)). However, no evidence for the production of NaH
was observed. This is not surprising; if electron transfer occurs at relatively long range, the
H atom is quickly ejected as a neutral, before encountering the alkali ion. Another-inter-
pretation has the electronically excited alkali atom acting as an alkali ion when close to the
hydrogen halide. -This is helpful in explaining the alkali favoring the halide end of the HX
molecule on approach, as seen in the strong variation of the barrier to (ground state) reaction
as -a function of M-X-H angle calculated by Shapiro and Zeiri; the barrier rises several eV
as the orientation approaches the M-H-X collinear conﬁguration.[”] The long range
dispersive forces alone would have the alkali atom favoriﬁg the hydrogen end-of the
molecule. ) |

With collision energies of at least 3.5 kcal/mole and 7.0 kcal/mole, respectively, the 4D
and 5S-states of Na have enough energy to dissociate HCI. (process (12)). For é,reactive ‘
system, a better way of looking at collisional dissociation is perhaps as reaction;to form NaCl
above its dissociation limit. . Apparently, at the range of collision energies studied, sufficient
energy was cafried away by product translation and collision dissociation does not seem to
have been important. : : : e

Quenching (process (13)) certainly occurs, but our measurements were particularly in-
sensitive to it. Thereforé,-qu;,nching proéessés have not‘,bcen invéstigated in these studies.
~ Hertel and coworkers, among others, have performed many experiments on the quenching
of excited sodium atoms by various diatomic molecmlleé (although no hydrogen halides have
" been r'epoftéd to date), and the quenching cross sections are typically quite large

~0(10-100 A?).[3#]

2. Na(3S,3P) + HBr
The Na+ HBr reaction is nearly thermoneutral and there is a substantial cross section
for ground state reaction. However, the reactive cross section increased upon excitation of

the Na atoms to the 3P level. As with Na+ HCI, the ground state cross section increased
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more with increasing collision energy than'the cross section of the Na(3P) state. This data
is very similar to the Na(3P)+ HCI data, where product NaX was mostly back-scattered, but
there was some forward and sideways"scattered products, ‘and the product recoil energy dis-

tributions were broad and flat, once again extending out to the total energy available.

3. The Laek of Reaetion for Na+ HF

We observed no reaction for Na('3S,3.P',4D,SS)‘+ HF. For cornparison, recall that it tookﬁ
two vibrational quanta of HF excitation for Blackwell et al. vto.'observe evidence of rearctionl
to form NaF.[w] Diren et al. did observe formation of NaF from Na(3P)+ HF with their
hot wire deteeror.[lal It appears likely that the cross section was t00 smell for us to observe
NaF using electron bombardment ionization. Tnere are ne close resonances for electronic
to vibrational energy transfer of HF that might reduce the reaction probability in the manner
suggested by 7e1r1 et al for translational to vibrational energy transfer in Li+HF.l'" The
vertical electron afﬁmty of HF is approxrmately -4 eV and like HCl HF is drssoc1at1ve[ 1
The crossing pomt of the neutral and i 1on1c curves, and thus electron transfer occurs at under

3 A for the 4D and 5S states. Therefore even for Na(4D,5S) + HF an mcreased reaction

cross section due to long range electron transfer is not expected.
VI. Conclusions

The electronic excitation of the reagent alkali atom can indeed promote reaction. As
seen in Na(4D,5S)+ HCl, a new mechanism comes to dominate the reaction at high electronic
energy, although the react_ive cross sections did not reach the limit in which all collisions for
~ which electron transfer was possible led to reaction. This is due to the restrictive geometric
constraints necessary for reaction. Low impact parameter collisions with Na approaching the
Cl end of the HCI molecule were almost exclusively responsible for production of NaCl, since

a coupling of the electronic and nuclear motion was necessary for reaction.
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Electronic excitation is not directly comparable to other forms: of energy since the po-
tential energy surface on which the reaction takes place is different for each electronic state
-- with different topography and different possible symmetries. Nevertheless it is certainly
interesting  to ask how electronic excitation compares to.__other- forms of energy in promoting
reaction. Like electronic energy, exciting the first (or second) vibration is capable of turning
on the reaction when the collision energy is insufficient to overcome the endothermicity

1[6] (and for Na+HF(v= 2)[10]

This was shown for K+ HF,HC ). As dlscussed in section I
and ref. .[6]; With increasi:ng translational energy the first vibration in K+HC] no longer
enhances the reactlon Cross sectlon whereas there is over an order of magmtude enhancement
in K+HF Rotatlona] exmtamon has only been studled in v1brat10nally exc1ted
HCl, HF+ Na Ié and seems to adversely affect the reactlon cross sectron or have llttle |
effect. '™ Translatronal energy overcomes the threshold to reactlon in K+IIC1 HF and
continues to enhance reactlon until a saturated value of the Cross sectron is reached[ ] In
Na+HC1 HBr the 1n1t1a1 electromc excitation to Na(BP) enhanced react1v1ty strongly whether
or not there was suﬂic1ent colhslon energy for the ground state reaction. Duren et al. also -

showed that e]ectronrc energy could overcome the endotherm1c1ty of the Na+ HF

reactlon[ 4 In Na+HCl there was a further increase w1th further mcreased electromc en- -

ergy.
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Table I. Measured sodium beam velocities and speed ratios, and calculated maximum
transverse sodium velocities and the resultant Doppler broadening of the Na D,

transition. .
Seed Sodium Maximum Transverse Speed Doppler Broadened
- Gas - Peak- Velocity (in 10* cm/sec) Ratio: Linewidth.(in MHz)
Helium | 300 33 6 56
Neon | 160 1.8 o 5. 30
Argon 108 . 1.2 ) o 20

Table 1I. Velocities and speed ratios for molecular beams used in reactive scattering studies..

Nozzle
Reactant Temperature Beam Velocity
Beam . : (in °C) (in 10* cm/sec) Speed Ratio
HBr 200 5.8 (est.) 4
HCI | 179 8.6 4.5
HF ' 250 12.3 (est.) 4.6
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Table I1I. A summary of the polarization dependences found for the reaction
Na(4°Ds;;) + HCI - NaCl + H at a collision energy of 5.6 kcal/mole. These

results are tabulated from figure 9.

Laboratory Laboratory Center-of-Mass
Detector Peak of Polarization Peak of Polarization
Angle Dependence ¢; ,p Dependence ¢, Amplitude
35° 163° 13° +0.112
40° 158° 8° 0.080
44° 155° 5% 0.112
50° 158° 8° 0.098
56° 147° -3° 0.170

Table IV. Estimated total reaction cross sections (og) for Na(3S,3P,4D,5S) + HCI at a col-
lision energy of 5.6 kcal/mole from the elastic scattering of Na(3S,3P) atoms and
estimates of the absolute cross sections from Van der Waals attraction at small
angles, and hard sphere collisions at large argles.

: o, from Na(3S) o, from Na(3P) o, from Na(3S)
Electronic ' %cattering at %cattering at %cattering at
State Small Angles (in A2) Small Angles (in A?) Large Angles (in A?)
38 0.034 0.017 0.057
3P 4.0 1.9 6.5
4D 24. 10.8 38.
SS 17. 7.9 27.
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Table V. Neutral-ionic curve crossing radii for various Na electronic states in the Na+ HCl

reaction. '

- Na(nL) IP{Na(nL)} (eV) r, (A) | ‘_7zrc‘2 (Az)
s 5.138 ' 241 18
3P | 3.033 3 @
4D | 0.854 8.60 | 232
ss 1021 7.82 _ 192
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FIGURE CAPTIONS.

Figure 1. Schematic of the optical pumping system used for the Na excitation. The
symbols for optional components are in parentheses. The components are: (BS) Beam
Splitter, (M) Mirror, (GT) Glan-Thompson Prism, (1/4) Quarter-Wave Plate, (FP)
Fabry-Perot Etalon, (S) Shutter, (F) Filter, (PMT) Photomultiplier and/or Fluorescence
Monitor, (Na) Sodium Source, (2) Secondary Molecular Beam, and (MS) Quadrupole
Mass Spectrometer.

Figure 2. The sodium atomic levels relevant to the optical pumping. The fine and
hyperfine structure levels are not shown. The relative populatlons of the various sodium
levels as calculated in ref. [39] for optically pumping the Na(42D, 1) [Na(42D, )] state
are as shown.

Figure 3. Newton velocity vector diagrams for Na(3S,3P,4D,5S) + HCl — NaCl+ H
at collision energies of a) 3.4 kcal/mole, b) 5.6 kcal/mole, and c) 16.3 kcal/mole. The
sodium beam was seeded in a) argon, b) neon, and c) helium. The HCl beam was neat.

Figure 4. NaCl angular distributions for Na(3§ 3P,4D,5S) + HCl — NaCl+H at a
collision energy of 3.4 kcal/mole.

Figure 5. NaCl angular distributions for Na(3S,3P,4D,58) + HCl —» NaCl+H at a
collision energy of 5.6 kcal/mole.

Figure 6. NaCl angular distributions for Na(3S,3P,4D,5S) + HC! — NaCl+ H at a
collision energy of 16.3 kcal/mole.

Figure 7. TOF  distributions for NaCl angular  distributions for
Na(4D) + HCl —» NaCl+ H at a collision energy of 5.6 kcal/mole at the angles shown.
The solid lines are the fit to the data generated from center-of-mass angular and
translational energy distributions.

Figure 8. TOF  distributions  for NaCl angular  distributions  for
Na(55) + HCl — NaCl+ H at a collision energy of 5.6 kcal/mole at the angles shown.
The solid lines are the fit to the data generated from center-of-mass angular and
translational energy distributions.

Figure 9. Laser polarization dependences of the NaCl reactive signal due to the
Na(4D)+ HCI reaction at a collision energy of 5.6 kcal/mole for the angles shown in
each frame. The solid lines are fits to the data.

Figure 10. NaBr angular distributions for Na(3S,3P) + HBr — NaBr + H at a collision
energy of 3.0 kcal/mole.



-31-

Figure 11. NaBr angular distributions for Na(3S,3P) + HBr — NaBr + H at a collision
. energy of 5.3 kcal/mole.

Figure 12. NaBr angular distributions for Na(3S,3P) + HBr — NaBr + H at a collision
energy of 20. kcal/mole

Figure 13. NaCl angular distributions for Na(4D,5S) + HCl —» NaCl+ H at.a collision
energy of 5.6 kcal/mole. The solid lines are the fit to the data generated from center-
of-mass angular and translational energy distributions.

Figure 14. Fit center-of-mass product translational energy distributions for:
Na(3P) + HCl - NaCl+ H at a collision energy of 5.4 kcal/mole from ref. [11], and
Na(4D,5S) + HCl —» NaCl + H at a collision encrgy of 5.6 kcal/mole.

Figure 15. Fit product NaCl center-of-mass scattering angular distributions at a colli-
sion energy of 5.6 kcal/mole for Na(4D,5S)+ HCl.
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