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The reaction of electronically excited Na(3P) atoms with HCl has been studied in a crossed 
molecular beams experiment. At collision energies slightly above the endoergicity of the reaction, 
Na(3P) shows a dramatic enhancement of reactivity over ground state Na(3S). Detailed 
measurements of the laboratory angular and velocity distributions of the reactively scattered 
NaCI product at 5.4 kcallmol collision energy have allowed determination of the product center
of-mass translational and angular distributions. These experimental results are compared to the 
DIPR model of electron transfer reactions. The broad translational energy distribution is in 
qualitative agreement with the DIPR model, but the angular distribution exhibits reduced 
intensity for scattering perpendicular to the relative velocity vector which cannot be reproduced 
by the DIPR model. The preferred transition state configuration, Na-Cl-H, is consistent with 
what would be predicted by a diffuse 3P orbital where the Na atom appears ion-like. This 
configuration is opposite to that given by the dominant term in the long range multipolar 
expansion of the neutral reactant potential. 

INTRODUCTION 

The study of reaction dynamics by the crossed molecu
lar beams method has historically been confined to collisions 
of ground state atoms and molecules. Notable exceptions are 
metastable states of the rare gas I or oxygen atoms. 2 The 
availability of stable, single frequency tunable dye lasers has 
recently allowed molecular beam studies involving short 
lived, electronically excited atoms. A series of papers by 
Hertel et 01. 3~ on the dynamics of collisional quenching of 
Na*ep3 / 2 ) and the works of Zare and co-workers7- lo on 
chemiluminescence reactions of Ca( Ip) atoms are pioneer
ing examples. 

The current experimental work was undertaken hoping 
to further our understanding of the dynamics of simple 
atom-diatomic molecule reactions where one of the reac
tants, Na(3 2P3 / 2 ), is in an excited electronic state. HCI was 
chosen as a scattering partner because the reaction is 4.68 
kcal/mol endothermic in the ground electronic state. This 
endothermicity allows one to study the interaction between 
translational and electronic energy in promoting NaCI for
mation. 

The ground state reactions of the alkali-hydrogen halide 
family have been extensively studied by the molecular beam 
technique, including the efficiency of vibration, rotation, 
and translation for promoting reaction. 11-13 Some ab initio 14 
and semiempirical l5 potential energy surfaces are available 
and several classical trajectory studies 16 of reactions on these 
surfaces have been reported. Related theoretical studies of 
the H + HL mass combination where H and L stand for 
heavy and light atoms have been published. 17-19 PoianyFO,21 
has reported measurements of the relative reaction cross sec-
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tions for the Na + HCI (v,J) reaction for v = 1-4,J = 5-15. 
The vibrational enhancement indicated gas kinetic reaction 
cross sections. The dependence of the reaction cross section 
on the rotational quantum number was rationalized in terms 
of the preferred HCI-Na orientations for reaction. 

In addition to the effect of electronic excitation on the 
reaction dynamics, the experiments described below can also 
measure the effect of the alignment and orientation of the 
Na*(3P3/2) charge distribution (created by optical pump
ing of sodium with linearly or circularly polarized laser radi
ation) on the reactive scattering. The alignment and orienta
tion dependence and the reaction dynamics of higher excited 
states ofNa will be the subject ofa future investigation. 

EXPERIMENTAL ARRANGEMENT 

We have modified our universal, crossed molecular 
beams machine to allow laser excitation ofNa in the collision 
region in the manner developed by Hertel. Figure 1 shows 

FIG. 1. Schematic diagram of the experimental apparatus showing the ori
entations of the two molecular beams, mass spectrometer detector, and the 
laser used for optical pumping. 
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the experimental topology. Characteristics of the basic appa
ratus are given elsewhere. 13 Briefly, two supersonic beams 
are crossed, under single collision conditions, at right angles 
(beam overlap volume _10- 2 cm3

) in a liquid nitrogen 
cooled, 1 X 10-7 Torr vacuum chamber. Scattered product 
is detected with a mass spectrometer which can rotate in the 
plane defined by the two reactant beams. The mass 
spectrometer detector consists of an electron bombardment 
ionizer, quadrupole mass filter, and a Daly ion counter, en
closed in a triply differentially pumped, ultra-high vacuum 
chamber. 

The sodium atom beam is produced by a rare gas seeded 
supersonic expansion from a two chamber stainless steel 
oven. The main oven section, the reservoir for the molten 
sodium metal, is heated by thermal coaxial heating cable 
(SEMCO, Inc.) brazed into contact with the oven body. At 
the top of the reservoir is a stainless steel gas inlet tube af
fixed onto a miniconftat flange and sealed by a 0.005 in. thick 
nickel gasket. The gas inlet tube is radiatively heated by a 
tungsten ribbon. Rare gases, introduced through the inlet 
tube, enable the average velocity of the sodium atoms to be 
varied over the range 1.0-3.0 X lOS cm/s at a constant nozzle 
temperature, here chosen to be 740 "C. 

The nozzle chamber consists of a 3.0 in. long, 0.25 in. 
diameter stainless steel tube, heated by thermal coaxial heat
ing cable brazed into contact with the stainless steel tube. 
The nozzle aperture is formed by drilling a 0.004--0.006 in. 
diameter hole in a 0.020 in. thick stainless steel disk, which is 
welded onto the stainless steel tube. This additional chamber 
allows the nozzle to be substantially hotter than the reser
voir, thus preventing the formation of sodium clusters dur
ing the expansion. 

The oven chambers are surrounded by two levels of ra
diation shielding. The temperatures of the reservoir and noz
zle are actively stabilized to ± 2 "C of any desired set point. 
This is necessary to maintain stable intensity and velocity for 
the sodium beam. Ultra-high purity rare gases, and an all 
metal, leak tight gas inlet system were found to be necessary 
to avoid slow clogging of the nozzle. 

The central portion of the Na beam is skimmed by a 
single piece, heated, stainless steel skimmer. The diameter of 
the skimmer aperture is 0.045 in. diameter and is located 
0.25-0.30 in. from the nozzle. The skimmer is also heated by 
coaxial heating cable. 

The dimensions of the sodium beam at the collision re
gion (1 mm tall by 3 mm wide) are determined by a rectan
gular aperture made from razor blades located in the second 
differential pumping region. The angular divergence of the 
Na beam is I". Heat radiated from the skimmer is sufficient 
to prevent clogging of the defining slit from Na condensa
tion. 

The HCI beam was formed from a heated stainless steel 
tube with an interchangeable nozzle affixed on the end. A 
platinum electron beam aperture (Ted Pella, Inc.) of 70 J.l 
diameter was used in this study. The nozzle temperature was 
actively stabilized to 180"C to prevent HCI cluster forma
tion. Typically, 350 Torr HCI nozzle backing pressure was 
used. A low pressure regulator, in addition to the standard 
cylinder regulator, was necessary to stabilize the delivery 

pressure at these low values. A rectangular aperture located 
in the second differential pumping region defines the trans
verse HCI beam profile to be 3 mm tall and 3 mm wide at the 
collision region with an angular divergence of 3". The HCI 
velocity distribution was derived from previously measured 
HCl velocity distributions using the same apparatus but at a 
higher nozzle temperature (350 "C). The average velocity of 
the high temperature distribution was mUltiplied by the ratio 
of the square root of the two nozzle temperatures to give the 
average velocity at the lower nozzle temperature. The value 
obtained, 8.45 X 10" cm/s, is consistent with 99% HCI rota
tional relaxation in the adiabatic expansion. Unrelaxed, the 
HCI average velocity would have been 7.23 X 10" cm/s. The 
full width at half-maximum spread in the HCI velocities was 
assumed unchanged from the high temperature value of 
20%. 

The creation of a large, stationary fraction of 
Na(3 2P3/2) atoms (whose natural lifetime is 16.6 ns) by 
optical pumping has been exhaustively and elegantly studied 
by Hertel and co_workers.22

-
26 Their experimental tech

nique has been adopted here. Briefly, the selection rule for 
the change in total angular momentum, AF = ± 1 or 0, en
sures that all atoms excited from 
2S1/2(F= 2)_2P3/2(F= 3) return to the 2S1/2(F= 2) 

state by spontaneous emission. Thus, the sodium atom be
haves as a simple two level system composed of the 
2S1/2(F = 2) and 2P3/2(F = 3) levels when the laser is tuned 
to this transition. 

Several details are pertinent to realizing this maximal 
excitation efficiency. Power broadening must be less than 60 
MHz, the separation of the 2P3/2(F= 2) and 2P3/2(F= 3) 
hyperfine (HF) levels. Secondly, the sodium beam angular 
divergence along the laser beam propagation direction pro
duces an associated transverse Doppler shift. If this Doppler 
shift is larger than 60 MHz, then some fraction of the sodium 
beam will be shifted off the 2P3/2(F= 3) resonance. For Na 
seeded in He, this restricts the angular divergence to I", the 
angular spread of the beam in this study. 

Even with these precautions there remains uncertainty 
in the fraction of atoms excited by laser optical pumping to 
the 3 2 P3/2 (F = 3) HF level. The small amount oflaser ener
gyresonant with the 3 2S1/2(F= 2)_3 2p3/2(F= 2) transi
tion [even when the laser frequency is locked to the 
3 2S1/2(F= 2)_3 2P3/2(F= 3) transition] can optically 
pump atoms to the 3 2 S 1/2 (F = 1) ground state. Empirical
ly, in the scattering work of Schmidt and co-workers,27 a 
12% reduction in the inelastic Na+ + Na(3S) 
_Na+ + Na(3P) transition was observed when the sodium 
beam was optically pumped. Unfortunately, in the present 
Na + HCI scattering experiments, there is no feature in the 
angular or velocity distributions which can be uniquely as
signed to ground state N a (3S) scattering. If such a feature 
can be found, its depletion by laser excitation of the Na 
atoms would measure the effective Na fraction optically 
pumped to the 3 2P3/2 state. Consequently, in the data analy
sis below, different values of the excitation efficiency, '/], are 
analyzed. When the conclusions derived are dependent on 
the assumed value of ,/], they will be noted. 

A combination of commercial camera lenses is used to 
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image the sodium fluorescence onto a phototube (RCA 
IP28) as outlined by Fischer and Herte1.3 The signal from 
the phototube, after current amplification (Keithly model 
427) drives a lock-in stabilizer (Lansing 80-214) which cor
rects for frequency drifts. The laser stability is sufficient for 
greater than 24 h of continuous operation. 

Most of the data acquisition is computer controlled. 
Five basic quantities are measured at each laboratory angle 
in an angular scan. These are (1) the Na fluorescence inten
sity (LF), (2) the mass spectrometer signals with the laser 
on and HCI beam on (L+X+), (3) the laser off and HCI 
beam on (L _X + ), (4) the laser on and HCI beam off 
(L+X_), and (5) the laser off and HCI beam off (L_X_). 
With the laser off, the difference 

[(L_X+)_(L_X_)]cc dO' (3 2S1/2 ) (1) 
dO 

is proportional to the 3S ground state scattering. When the 
laser is on the mass spectrometer signal will have contribu
tions of a fraction 1J from 3 2P3/2 scattering and a fraction 
(1 - 1J) from 3 2 S 1/2 scattering. The following combination 
of the four mass spectrometer signals is proportional to the 
3 2P3/2 differential cross section: 

dO' 3 2 dO ( P3/2 ) ex: (L+X+ -L+X_) 

- (1-1J)*(L_X+ -L_X_). (2) 

To obtain the four mass spectrometer data channels, the 
HCI beam is 100% amplitude modulated by the 150 Hz tun
ing fork chopper mounted on a water cooled copper block in 
the HCI beam differential chamber, and the laser beam is 
100% amplitude modulated at 3 Hz in phase with the HCI 
beam modulation by a stepping motor controlled beam stop. 

For all data presented, the errors bars for the mean are 
one standard deviation for the statistical error associated 
with the finite signal count, or the variance of the mean of the 
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FIG. 2. Newton diagrams for the Na(3P) + HCI system at the two colli
sion energies, 5.4 and 16.3 kcallmol, measured in the experiment. The 
hatched areas show the FWHM velocity distributions at each beam and the 
distribution of center-of-mass angles resulting from the reactant beam ve
locity spreads. The maximal NaCl product velocity is restricted to the circle 
drawn about the center-of-mass by conservation of energy. The laboratory 
angles tangent to these circles are the nominal maximum scattering angles 
for observation of NaCI product. 
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FIG. 3. Na (3S)INa( 3P) + HCI scattering angular distributions measured 
at 5.4 and 16.3 kcallmol at mass 23 (top) and mass 58 (bottom). The signal 
is measured in units of the experimentally observed count rates. 

actual measurements, whichever is larger. Typically, four 
separate angular scans are averaged to obtain approximately 
10% error (10') in the derived 3P distributions. The total 
counting time at each angle is usually 8 min. The measured 
quantities at a reference angle are stable within ± 1 % for 
the duration of the experiment. 

Time-of-flight measurements of the product velocity 
distributions at selected detector angles are obtained by the 
cross correlation method. The scattered products are corre
lated to the modulation of the laser by a 255 channel pseudo
random sequence encoded onto a spinning disk placed in the 
path of the laser beam. Modulation of the laser affects equal 
densities of the 3S and 3P sodium atoms because for every 
Na atom excited to the 3P state, one is removed from the 
ground state. The 3P atoms contribute a positive mass 
spectrometer signal, whereas the 3S atoms contribute a neg
ative mass spectrometer signal under laser modulation. The 
different reactivities of the two electronic states determine 
the TOF pattern observed. The contributions from the excit
ed state at each laboratory angle, compared to those from 
ground state, are derived from the angular data by the equa
tion 

R(O) = dO'*/dO(O) 
du/dO(O) 

_ (L+X+ -L+X ) - (1-1J)(L X+ -L X ) 
1J(L_X+ - L_X_) 

(3) 

EXPERIMENTAL RESULTS 

The Newton diagrams corresponding to the two colli
sion energies, 5.4 and 16.3 kcal/mol, for which data will be 
presented are shown in Fig. 2. The full widths at half-maxi
mum for the reactant beam velocities, as well as the distribu
tion of center-of-mass angles generated using the average 
flow velocity of one beam and the half-maximum velocities 
of the other beam, are shown as hatched areas on the Newton 
diagrams. The approximate angular broadening caused by 
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FIG. 4. Calculated (0) and observed (e) NaCl product angular distribu
tion for the Na(3S) + HCl reaction at 5.4 kcallmol collision energy. A 
constant product translational energy and angular distribution was as
sumed. 

these distributions, I::t..Oc.m., is also given. 
The maximum center-of-mass product velocity allowed 

in the Na(3P) reaction, U~aCl' is determined from the reac
tion endothermicity of 4.68 kcallmol, the photon energy of 
48.43 kcallmol, and the translational energy corresponding 
to the average velocity of each beam. The maximum labora
tory scattering angles where product can appear from the 
excited state reaction for the Newton diagram are also indi
cated. 

The angular distributions measured at masses 23 
(Na+) and 58 (NaCI+) with andwithoutlaserexcitation at 
two collision energies are shown in Fig. 3. Dramatic en
hancement of the reactivity ofNa (3P) over Na (3S) at lower 
collision energy is evident. As noted above, the reaction 
Na(3S) + HCI-+NaCI + H at 5.4 kcallmol collision ener
gy is slightly above the reaction threshold. For the mass 
combination of this reaction, and the small amount of energy 
available for product translational motion, the measured 
product angular distribution contains no detailed informa
tion on the product energy or center-of-mass scattering an
gle distribution with the current detector resolution and ve
locity dispersion of the reactant beams. A product flux 
distribution which is independent of the details of the recoil 
angular and energy distributions, but consistent with the 
maximal recoil velocity, reproduces the observed angular 
variation as shown in Fig. 4. 

The mass 23 angular distribution measured at the 5.4 
kcal/mol collision energy without laser excitation is predo
minately elastic or inelastic scattering. A minor reactive con
tribution is detected at mass 23 near 0 = 40° from fragmen
tation of NaCI in the electron bombardment ionization 
process. As the detector sensitivities for mass 23 and mass 58 
ions are approximately equal, the fragmentation ratio, Na + I 
NaCI+, for NaCI product formed near threshold and ion
ized by 160 e V can be estimated by subtracting different 
multiples of the mass 58 purely reactive angular distribution 
from the mass 23 predominately nonreactive angular distri-
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FIG. 5. Mass 23 angular distributions obtained at 5.4 and 16.3 kcal/mol 
corrected for electron bombardment induced ion fragmentation of the NaCl 
reaction product assuming dilferent fragmentation ratios. 

bution. The family of curves generated using multiplicative 
factors in the range 1-2 is shown in Fig. 5. Assuming negligi
ble depletion of the large angle, nonreactive scattering for 
this near threshold collision energy, a fragmentation ratio of 
50%-55% produces a smooth, monotonic mass 23 angular 
distribution for the corrected, nonreactive sodium scatter
ing. Variation of the energy of the ionizing electrons in the 
interval 50-200 V does not markedly change the fragmenta
tion ratio. 

A similar analysis of the nonreactive Na(3S) scattering 
at the 16.3 kcallmol collision energy is shown in Fig. 5. At 
this collision energy, the mass 23 data is dominated by NaCI 
reaction product ion fragments and correction for the frag
mentation is difficult. Unlike the mass 23 angular distribu
tion obtained at a 5.4 kcal/mol collision energy, there is no 
obvious pure, nonreactive scattering at laboratory angles be
yond 15° to enable an interpolation through the angular 
range dominated by reaction product ion fragmentation. 
The nonreactive scattering expected to contribute to labora
tory angles less than 15° is masked by the effusive Na back
ground from the Na beam source. The best estimate from the 
16.3 kcal/mol data gives a fragmentation ratio of near 70%. 
Fragmentation ratios less than 70% always leave a residual 
bump near the center-of-mass in the mass 23 angular distri
bution. 
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FIG. 6. The derived Na(3P) + HCl scattering angular distributions at the 
two collision energies at mass 23 (top) and mass 58 (bottom) assuming 
excitation efficiencies of 25% (top curve), 20% (middle curve), and 5% 
(bottom curve). Error bars are 1 standard deviation of the mean. The signal 
is in units of the observed count rates. 

The mass 23 and 58 angular distributions derived from 
Eq. (2), assuming different Na*(3P) excitation efficiencies 
for both collision energies are shown in Fig. 6. A 50% error 
in the fraction of Na atoms assumed to be in the 3P state 
significantly affects the derived Na(3P) differential cross 
sections for the 16.3 kcal/mol collision energy data, while 
the 5.4 kcal/mol collision energy data are unchanged within 
the stated measurement errors. For this reason, the 16.3 
kcallmol collision energy data cannot be used to reliably 
determine center-of-mass differential cross sections. 

Laser correlated time-of-flight (TOF) measurements 
were performed at selected angles for masses 23 and 58 at the 
5.4 kcallmol collision energy. Time-of-flight measurements 
of the ground electronic state scattering have not been per
formed. To extract the TOF for the reaction of only 
Na*(3P) atoms from the laser correlated TOFs, the latter 
were corrected according to Eq. (3) using computed ground 
state TOF distributions. As stated above, at this near thresh
old collision energy, the distribution of NaCI product from 
the ground state reactive scattering is severely convoluted by 
the distribution of velocity vectors of the center-of-mass of 
the system. The TOF distributions obtained from the center
of-mass distribution fit to the mass 58 ground state angular 
distribution are expected to closely approximate the true 
ground state TOFs. The main effect of correcting the contri
bution from ground state reaction to the TOF's using Eq. 
(3) is to boost the signal at 35°, 40°, and 45° for the channels 
near the center-of-mass slightly. As the 3P state is approxi
mately ten times more reactive than the 3S state, the correct
ed channels are displaced within their original 10" statistical 
error. The corrected mass 23 TOF data are shown in Fig. 7. 
The TOF data at the laboratory angles 25° amd 30° clearly 
exhibit a fast, Na(3P) elastic peak as well as a slower, 
broader, reactive ion fragment peak. 

In general, the error in the assumed fraction of N a ( 3P) 
atoms in the collision volume can have a dramatic effect on 
the extraction of the TOF distribution for Na*(3P) scatter
ing from the laser correlated TOF data. The relative weight-

NCl (3P)+ HCI ..... NClCl + H 
E=5.4 
MASS 23 

25' 

30° SO' 

55° 

~ 

~\ '. 

~ 
60° 

FIG. 7. Experimental laser correlated time-of-flight distributions at mass 
23 for the collision energy of 5.4 kcallmol for the indicated laboratory an
gles. At 25' and 3~', elastic scattering of Na(3P) atoms can be easily seen. 
The slow, broader peak at all angles is assigned to NaCI product which 
fragments in the electron impact ionizer for Na +. The solid line is the fit to 
the data given by the numerically determined center-of-mass scattering dis
tribution. 

ing of the Na( 3S) TOF to the laser correlated TOF depends 
on the ratio of the contribution ofNa(3P) to Na(3S) atoms 
at that laboratory angle. In turn, this depends on what frac
tion of the Naatoms we assume to be Na*(3P). At the colli
sion energy 5.4 kcallmol, the laser induced signal is large 
compared to the ground state scattering signal. Large errors 
in the fraction of Na atoms excited does not significantly 
affect the derived center-of-mass energy and angular distri
butions of products. For the 16.3 kcallmol collision energy, 
the ground state signal is comparable to the laser induced 
signal and the assumed value for the Na(3P) fraction can 
qualitatively affect the shape of the angular and TOF data 
used to obtain the center-of-mass product flux distributions. 

DATA ANALYSIS 

The angular and velocity distributions measured at 
masses 23 and 58 in the scattering of Na(3P) + HCI can 
have contributions from the following collision processes: 

Reaction 

Na(3P) + HCl(v = O)~NaCl + ReS), (4) 

Na(3P) + HCI(v = O)~NaH + Clep3/2)' (5) 

J. Chem. Phys., Vol. 84, No.1 0, 15 May 1986 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

130.18.123.11 On: Fri, 19 Dec 2014 10:38:15



Vernon et al. : Scattering of Na(3 'P "') + HCI 5585 

Quenching 

Na(3P) + HCI(v = 0)-Na(3S) + HCI(v',J'), (6) 

Elastic or rotational inelastic 

Na(3P) + HCl(v = 0)-Na(3P) + HCI(r). (7) 

Analogous to the Na( 3S) reactive scattering, NaCI product 
is expected to be favored over NaH. Significant contribu
tions from quenching can be ruled out for kinematic reasons. 
The fast TOF peak observed at small angles can be easily 
assigned to elastic scattering because its position is exactly 
predicted by our reactant beam velocities and because it is 
absent from the mass 58 velocity distributions. If the slow 
product were caused by quenching of Na(3P), then the in
ternal energy of the scattered HCI must be greater than 55 
kcaVmol and less than 58 kcal/mol. To our knowledge, this 
specificity of energy disposal has never been observed in the 
Na(3P) quenching studies of Hertel et 01.3-6 

Secondly, the angular distributions measured at 16.3 
kcaVmol collision energy imply even greater energy reten
tion by the diatomic product than at lower collision energy if 
quenching was the dominant collision process. However, as
signing all of the slow, Na + TOF data to NaCI ion fragments 
is not only consistent with the kinematic and energetic con
straints of this channel, but also logical since angular distri
butions of scattered products measured at mass 23 are simi
lar to those measured at mass 58 (NaCI + ). 

Unlike the ground electronic state scattering, the contri
bution to the mass 23 angular distribution originating from 
NaCI product cannot be quantitatively predicted from the 
corresponding mass 58 distributions (see Fig. 6). The differ
ence in the shape of the two angular distributions is due to 
the internal energy dependence of the NaCI ion fragmenta
tion ratio. From the ground state Na( 3S) reactive scattering 
analysis, it was noted that at threshold and 12 kcaVmol 
above threshold, the NaCI fragmentation ratio changed 
from 50% to 70%. For the Na(3P) angular distributions, 
this ratio is not observed. The NaCI+ signal is only 1/10 of 
the mass 23 signal at the peak of the 5.4 kcal!mol angular 
distribution. Since the vibrationally/rotationally excited 
NaCl produced in the Na(3P) reaction fragments under 
electron bombardment ionization, the mass 23 angular dis
tribution is a more accurate measure of the true NaCI reac
tive product angular distribution. For example, a change in 
the fragmentation ratio from 90% to 92% for NaCI+ will 
affect the mass 23 distribution by 2% while changing the 
mass 58 distribution by 20%. Of course, allowance for 
Na(3P) elastic scattering must be done at small angles. 

The most accurate procedure would be to sum the TOF 
distributions for the daughter and parent ions of NaCl. 
When this is done, it is found that the relative change in the 
shape of the mass 23 distributions is within the statistical 
error of the original mass 23 data. 

Center-of-mass NaCI product ftux distributions were 
derived from the experimental data using a computer pro
gram. The computer program accounts for the kinematic 
averaging caused by the distribution of reactant beam veloc
ities and the finite spatial and temporal resolution of the 
detector. The program generates time-of-ftight and angular 
distributions corresponding to an input center-of-mass dis-

Na(3Pl+ HCI-NaCI + H 
E=5.4 
MASS 23 

FIG. 8. Optimal center-of-mass NaCl product flux distribution determined 
from the analysis of the TOF and angular data for the 5.4 kca1!mol collision 
energy. 

tribution, which are then directly compared to the laborato
ry measurements. By trial and error, a center-of-mass distri
bution which best represents the measurements is found. 

In the analysis of the 5.4 kcaVmol data the total reaction 
cross section was considered independent of the collision 
energy. The range of collision energies is sufficiently narrow 
in the experiment so this assumption should not introduce 
significant error, except near threshold where the reaction 
cross section might have a strong translational energy de
pendence. 

For finding the best fit center-of-mass distributions, a 
numerical table specifying the probability of scattering at 
selected center-of-mass recoil velocities was found useful. 
The scattering angles and recoil speeds representing the ta
ble entries were distributed over the range of the observed 
product with a sampling density guided by the kinematic 
averaging induced by the spread of reactant velocities. 

The best center-of-mass ftux distribution is shown in 
Fig. 8 and compared to the experimental data in Fig. 7. Es
sentially exact agreement with the experimental data can be 
obtained if unrestricted variation of a sufficiently dense grid 
of the table entries is allowed. The resulting distribution is 
symptomatic of high parameter correlation and not uniquely 
determined by the data. The best fit distribution is a subjec
tive compromise between faithful reproduction of the ex
perimental data and meaningful parameter extraction. The 
energy averaged center-of-mass recoil angle distribution and 
the recoil angle averaged, center-of-mass energy distribution 
are given in Fig. 9 for the best fit distribution. 

DISCUSSION 

The Na*(3P) + HCI reaction has some of the expected 
features of a prototypical electron transfer reaction. The es
sence of this model is that during an early phase of the reac
tion, an ionic complex is formed by transfer of the Na(3P) 
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FIG. 9. Translational energy averaged product angular distribution and 
scattering angle averaged translational energy distribution for the best fit 
center-of-mass scattering distribution for the 5.4 kcallmol collision energy. 

electron to HCl. If the electron transfer occurs rapidly com
pared to the nuclear motion, HCI- should be formed with a 
distribution of internuclear separations given by a vertical 
projection of the HCI vibrational wave function onto a disso
ciative, repulsive region of the HCI- potential. Due to the 
light mass of the H atom, ifH does not interact strongly with 
Na +, it should quickly separate from the Na + ICI- ion pair 
which subsequently associated into a NaCI molecule under 
the influence of attractive Coulombic forces. A solvable, 
classical model for this type of reaction is the DIPR (direct 
interaction with product repulsion) model originated by Po
lanyi28 and elaborated by Herschbach and co-workers. 29 
Rettner and Zare30 have recently extended and applied this 
model to chemiluminescent reactions. 

The DIPR model is expected to be accurate for A + B
C __ AB + C reactions which proceed first by release of the 
BC- repulsive energy subsequently followed by A +B- at
traction. Secondly, A + should interact weakly with the B
and C atoms while BC- dissociates, and similarly for C with 
A + and B- while the latter pair associates. Clearly, a steep 
and repulsive BC- potential with large exothermicity will 
favor a short time scale for the release of the repulsive ener
gy. In the Na + HCI reaction, the mass combination favors a 
rapid departure of the H atom. Using theoretical potential 
curves for HCI and HCI-,31 the Frank-Condon region 
accessible from the ground vibrational state ofHCI predicts 
product translational energies in the range 10-40 kcallmol. 
This compares favorably with the range observed in the ex
periment. 

From the above discussion, it would appear that the 
Na*(3P) + HCI reaction would be an ideal candidate for 
the DIPR model. However, the DIPR model is based on the 
electron transfer occuring at relatively large reagent separa-

tion where the repUlsive energy release occurs prior to pro
duct bond formation. The intermolecular distance where the 
electron transfer takes place is, to first order, calculated from 
the - 23 kca1!mol vertical electron affinity ofHCI(v = 0)31 
and the + 76 kcallmol ionization potential of Naep). 
These values predict that the electron will transfer to HCI 
when the Na*(3P)-HCI separation is -3.5 A.. However, 
the outer peak of the electron probability distribution for 
Na(3P) extends from 3-4 A., with a maximum at 3.5 A. This 
means that the electron jump occurs when the HCI molecule 
has penetrated the 3P orbital of N a * ( 3P). The close proxim
ity of the Na + ion may invalidate applying the DIPR model 
in this case. Instead of two distinct reaction phases charac
terized by sequential two-body interactions, the reaction 
might be more accurately viewed as a process in which the 
initial electron transfer is followed by repulsive energy re
lease between the H atom and the Na+CI- molecule as a 
whole. 

The total reaction cross section is expected to be affected 
in approximately the same way by either Na electronic ener
gy or HCI vibrational energy if the electron transfer were to 
play an important role. This is because the vibrational exci
tation increases the HCI electron affinity while the electronic 
excitation reduces the Na ionization potential. To first or
der, the reaction cross section will depend only on the energy 
difference between the Na ionization potential and the HCI 
electron affinity. Consequently, the enhancement of the re
action cross section for Na( 3P) or vibrationally excited 
HCI,20.21 is consistent with the electron transfer model. 

The center-of-mass product distribution is a good test of 
the applicability of the DIPR model. To apply the model we 
need to specify the distribution of product velocities. Within 
the DIP approximation,29 this would be given by projecting 
the HCI(v = 0) nuclear wave function onto the HCI- po
tential. Since we do not know the distribution of HCI bond 
lengths when the electron jumps, we extract an optimal 
translational energy distribution from the experimental data 
as done above only now the kinematic relation of the DIPR 
model must be satisfied. 

For example, the DIPR model relates the center-of
mass scattering angle, X, the initial and final translational 
energies, E; and E" to the ratio of the momentum change to 
the initial momentum, q, via Eq. (8): 

q2 = (lOO~, + 1) _ 2/008 X /~ [(JOE, . (8) 
E, E; 

Once q is known, the angle p which the diatomic must have 
with respect to the relative velocity vector at the transition 
state is given by Eq. (9): 

cosp = ~[Sin2 X - COSX(q2 - sin2 X)I/2]. (9) 

If there are preferred configurations for the transition state, 
then these will show up in the X, Ef dependence of the cen
ter-of-mass scattering distributions through Eqs. (8) and 
(9). We parametrize the orientational preference for cos p 
by a simple function suggested by Marron32: 

T(p) = (1 +cosp)n. (10) 

In summary, the parameter n and the histogram representa-
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FIG. 10. Best D1PR model fit to the experimental TOF data for the colli
sion energy 5.4 kcallmol. 
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FIG. 11. Best DIPR model fit center-of-mass product flux distribution for 
the collision energy 5.4 kca1/mol. 

tion of Ef are varied to find a best fit to the measured TOF 
and angular data. 

In Figs. 10 and 11 we show the best fits obtained using 
the DIPR model. Comparison of the DIPR model fit with 
the best fit coupled center-of-mass distributions shows the 
largest difference for scattering perpendicular to the relative 
velocity vector. In the DIPR model, it is not possible to have 
a reduced intensity along this scattering angle. However, the 
anisotropy parameter n is small (n-O.24 ± 0.07) indicating 
that there is nearly an isotropic distribution for the HCI at 
the moment of the electron jump. The extracted reaction 
anisotropy favors the Na-CI-H configuration. This is in ac
cord with the predicted configuration if the valence electron 
is diffuse, i.e., Na+ + CI-H and not that of the dominant 
long range multipole interaction (quadrupole-dipole) 
which would favor Na-H-Cl. The translational energy dis
tribution for the DIPR model fit is broad, with almost equal 
probability from 10-50 kcal/mol. This covers the predicted 
energy range of the DIPR-DIP model using the isolated 
HCI- potential curve discussed previously. 

Finally, if the DIPR model is qualitatively correct for 
the reaction of Na(3P3/2) + HCI, higher energy Na elec
tronic states should have nearly the same product transla
tional energy, as this is primarily determined by the H-CI
repulsion after electron transfer. The additional electronic 
energy should appear as vibrational excitation of NaCI. The 
higher excited electronic states have a larger electron jump 
distance, and since the H atom will depart rapidly, the con
version of the potential energy of the Na + -CI- ion pair at 
the electron jump distance to product translational energy 
will be small. On the other hand, if the repulsive energy re
lease cannot be adequately described solely by the H-CI
repulsion and the extent of NaCI bond formation or elec
tronic symmetry has to be considered, then the translational 
energy distributions of products will depend on the electron 
jump distance and the level of electronic excitation. This 
question will be pursued in the future. 

CONCLUSIONS 

The results of a crossed molecular beam study of the 
Na(3 2P3/2) + HCI reaction have been compared with a se
quential two-body model (the DIPR model) which is 
known to successfully explain reactions characterized by 
long range electron transfer. Qualitatively, the experimental 
scattering is similar to what the DIPR model would predict 
using only theoretical data available from the literature. The 
differences between the observed scattering distributions 
and those which can be generated by optimizing the param
eters of the DIPR model were concluded to originate from a 
breakdown in the assumption of sequential release of repul
sive and attractive energy. This is consistent with the small 
internuclear distance of the electron transfer, which imparts 
a degree of "concertedness" to the reaction. Future experi
ments on the reactions of higher electronic states of sodium 
will provide an interesting comparison on the validity of a 
two body sequential model. 
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