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Reaction dynamics of Al +0,—AlO+ O studied by the crossed-beam
laser-induced fluorescence technique

Kenji Honma
Department of Material Science, Himeji Institute of Technology, 3-2-1 Kohto, Kamigori, Hyogo,
Japan 678-1297

(Received 4 April 2003; accepted 22 May 2003

Dynamics of the reaction, AlO,— AlO+ O, was studied by using the crossed-beam technique at
five collision energies from 6.9 to 25.3 kJ/mol. The Al atomic beam was generated by laser
vaporization and crossed with the, @eam at a right angle. The product AIO was detected by
laser-induced fluorescence of the AR T—X?23 ") transition and the rotational-vibrational
distributions were determined. The observed rotational and vibrational distributions displayed
greater populations in lower vibrational and rotational levels than expected statistically. Rotational
distributions were also determined for two spin—orbit states of AI’R|(,) and Al(>P3,), at two
collision energies. At a collision energy of 12.2 kJ/mol, the higher energy spin—orbit excited state,
Al(%Pg,), showed lower reactivity, i.e., about one-third of the ground spin—orbit statéPA}.
However, the rotational distributions for the two states were almost identical. Both the reactivity and
rotational distributions for ARP,,,) and Al(?P5/,) became similar at a higher collision energy, 18.5
kJ/mol. These results suggest that the reaction of Al wi{fpf@ceeds via an intermediate complex.
Both spin—orbit states lead to the complex, lose memory of the initial electronic state, and provide
identical rotational distributions. @003 American Institute of Physics.

[DOI: 10.1063/1.1591177

I. INTRODUCTION AP 1059 +0y(X 33 5)
One characteristic of metal atom reactions originates —AIO(X?2")+0(°P;)
from the presence of low-lying electronically excited states.
Typical examples are provided by the gas-phase transition A H3=-14.96 kJ/mdi. @

metal atoms which usually have several low-lying electroni-
cally excited states. Once the transition metal atoms interact The oxidation reactions of aluminum atoms are of con-
with reactant molecules, the potential energy surfacesiderable interest in studies of combustion, since aluminum
evolved from these states couple with one another. Theresompounds are frequently used as an ingredient in propellant
fore, information about the interaction among these surfaceformulations'® However, the interest in combustion is not
is essential for understanding the reaction dynamics of theentered on reactiofi) but the oxidation to form much more
reactions of the transition metal atoms. Since the couplingtable products, Al9and ALO;. The exothermic reaction
between electronic states can be easily mediated by the cdlt), which is the only possible pathway under single collision
lisions with nonreactive atoms or molecules, experimentatonditions, has a large rate constant at room temperature, and
information derived from multiple collision conditions such a negative temperature dependence of the rate constant has
as in flow experiments provides only qualitative knowledgebeen reported! The dynamics of this reaction has also been
about the dynamics of the metal atom reactions. studied from  experiment#l’ and theoretical

We have studied the reactions of the first row transitionviewpoints®~2° However, only little information has been
metal atoms with simple molecules, and various importantwvailable for the potential energy surface of this reaction un-
information has been accumulated. However, this infor-  til the recent multiconfigurational study carried out by Pak
mation is more or less qualitative with respect to the inter-and Gordorf!
action potential surfaces and dynamics on them because of Naulin and Costes have studied this reaction by using a
the limitation of the experimental technique we used, i.e., the&rossed beam technique combined with the laser-induced
multiple collisions with buffer gas species. One experimentafluorescence detection of product AIOA variable angle
approach to obtain detailed information about the interactiortrossed beam apparatus enabled them to determine the reac-
potentials is the crossed-beam technique, which has been ajen cross section as a function of collision energy between
plied for reactions of transition metal atoti€ In order to  6—255 meV(corresponding to the range from 0.6 to 24.6
extend our previous kinetic studies, a new crossed-beam agd/mol). As expected from the negative temperature depen-
paratus has been constructed to study the reaction dynamidence of the rate constant, the reaction cross section has been
of gas-phase transition metal atoms, and we selected the fabbserved to decrease monotonically with increasing collision
lowing reaction as the first system to be studied by this apenergy. One interesting issue is the reactivity of the excited
paratus, spin—orbit state, ARP3,), which lies 112.04 cm' above
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TABLE I. Summary of the properties of the Al beam.

Beam source #1
Pulsed nozzie / Skimmer

Carrier gas  (v)/m/s N[AI(2P 1) N[ AI(?P3») ] E o /kJ/mol

10 in. DP

Citer Kr 610 55/45 6.9

Ar 870 50/50 9.7

N, 1045 90/10 12.2

Laser for LIF Ne 1045 50/50 12.2

i detection 25%N, /He 1400 75/25 185
U 30%Ne/He 1400 55/45 185
Vaporization laser / lens 10%N, /He 1700 70/30 25.3

Beam source #2
Pulsed nozzle / Skimmer

6in. DP 4% Mg) which was rotated and translated by a stepping mo-
tor. Typical laser intensity was 0.8 mJ/pulse and a 500 mm
focal length lens was used. Vaporized Al atoms were cooled
and issued as an atomic beam by the carrier gas flow ex-
the ground spin—orbit state, &IP,,,).%2 Spin—orbit selective panded from a pulsed valvdordan PSV, 1.0 mm diamThe
reactivity was first reported by Cheet all® They used a 0xygen molecular beam was generated from another pulsed
fluorescence-imaging technique in a crossed-beam expenalve (General Valve 9-series, 0.5 mm dianfPure oxygen
ment and observed that only ground state,2R},), reacts Was used for all measurements. Both beams were collimated
with O,. This selectivity was explained by an electrostatichy skimmers(Beam Dynamics, 2 mm diagmand crossed
interaction model. Naulin and Costes determined relativeeach other at a right angle in the reaction chamber. The metal
cross sections of two spin—orbit components at various colatomic beam source, the,®eam source, and the reaction
lision energies. They used two carrier gases,aNd Ne, for ~chamber were pumped by 6 in., 10 in., and 6 in. diffusion
the Al beam. The populations of the two spin—orbit states opumps (Edwards, Difstak respectively. When both beams
Al are drastically different in these carrier gases while theywere operated, typical background pressures of the source
provide identical Al mean velocity, i.e., the same collisionchambers and reaction chamber werexID™° and 4
energy. The relative cross sections determined under twe 10~ °Torr, respectively.
conditions were converted to those for two spin—orbit states.  The Al beam and the reaction product AIO were detected
The results showed that the spin—orbit excited stateby the laser-induced fluorescence technique. For detection of
Al(2P4,), reacted with @ but was less reactive than the Al, Al(?S—2Py, 3 transitions, 394.513 and 396.265 nm,
ground state, ARP,,,), at low collision energies. The rela- were excited by frequency doubled output of a titanium—
tive cross section of AP, increased with collision en- sapphire lasefContinuum TS-6D pumped by a YAG laser
ergy. These results were consistent with the theoretical studcontinuum NY-82. Total fluorescence was collected by a
based on the adiabatic capture centrifugal sudden approximiens system and detected by a photomultiplier tube
tion (ACCSA) method on the long-range interaction poten-(HAMAMATSU R928). For the AIO detection, the
tial made of the quadrupole—quadrupole and dispersioRAlO(B?X*—X?3") transition was used for the LIF. The
interactions:® Av =1 sequence of this transition was excited by a dye laser
In the present study, we wish to present recent experit(Lambda Physik, SCANmate using LC4700 as a )dye
mental results obtained from our new crossed-beam appar@umped by a XeCl excimer las@rambda Physik, COMPex
tus. Laser-induced fluorescence is applied to detect the prod00). A short wavelength cutoff filtefHOYA Y-48) was used
uct AlO. Rotational and vibrational distributions of product to eliminate intense signal from scattered laser photons. After
AlO are determined at five collision energies between 6.ghe filter, the fluorescence was detected by the photomulti-
and 25.3 kJ/mol. The product rotational and vibrational dis-plier tube. The output of the photomultiplier tube was ampli-
tributions are also determined for two spin—orbit statesfied by a preamplifie(Ortec VT120B and fed into a gated
Al(?Py,») and Al(?P,). The latter information is expected integrator(SRS SR-250 The excitation laser intensity was
to be sensitive to the interaction potential and reactiormeasured by a fast photodiode and its signal was also aver-
mechanism for each spin—orbit state. Based on these disti@ged by another gated integrator. The averaged signals of the
butions and energy partitioning, the mechanism of reactioriluorescence and laser intensity were stored in a computer for

FIG. 1. Schematic diagram of the crossed-beam apparatus.

(1) is discussed. further analysis.
Some properties of the Al beam were determined by us-
1. EXPERIMENT ing the LIF detection of atomic transitions. Relative popula-

tions of the two spin—orbit states were determined by the
intensities of the LIF signals for the AS—2Py, 3 transi-

The experiment was carried out by using a crossed-beations. The velocity distribution of the Al beam was deter-
apparatus shown in Fig. 1. The apparatus consists of thremined by the LIF intensity as a function of the time between
parts which are differentially pumped. Al atoms were generthe vaporization laser pulse and the detection laser pulse. The
ated by laser vaporization. The second harmonic or fourthelative populations of ARP1/, 39 and mean velocities of
harmonic of a YAG lase(Spectra Physics GCR-150-1@as Al are summarized in Table I. The velocity of the, ®eam
focused onto an Al rod99.999% purity Al or Al alloy with  was determined by a fast ionization gau@eam Dynamics,

A. Apparatus
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Al(in N,) + O,— AIO + 0O

3l E..=12.2 kJ/mol ]
a
® P(1-0)
~ 2F 10 20 30 40 50 i
- R(1-0) P(2-1 FIG. 2. Laser-induced fluorescence
5 30 |40 50 60 (2-1) spectrum of AlO formed by the reac-
o 10 20 30 tion, Al+0,—AlO+0. The spectrum
E was measured at the collision energy
L:L al R%) | of 12.2 kd/mol.

0 [— 1 1 ]

465 466 467 468 469 470

Wavelength / nm

FIG-1). The peak velocity of @was 760 m/s and the width states of AlG® and also shown in this figure. The spectrum is
was about 7%. Collision energies calculated from velocitiessimilar to those observed by Naulin and Costes at similar
of both beams are also summarized in Table I. collision energies™*’
The transition line intensities were converted to the ro-
tational distributions. Because tBe-X transition of AlO has
B. AlIO in the primary beam a large absorption coefficient, the effect of saturation of the

o rption m ken in nt. Figur hows th
The laser vaporization Al beam source was found to genfabsO ption must be taken into account. Figure 3 shows the

. LIF intensities of AIO as a function of the laser intensity
erate a small amount of AlO. Although several kinds of Al ; .
. I . . measured by the photodiode. Measurements were carried out
rods, different purities of Al and alloys with Mg, were tried, .
no significant difference was observed. Two wavelengths o t the Rhead(aroundR(14)] and P(32) line of the 1-0
9 ' 9 and. Both intensities showed nonlinear dependence and it is

the vaporization laser, 266 and 532 nm, also showed no di clear that the absorption of AIO was partially saturated at the

ference. An in I|_ne gas purlflef_Puron GP-05-N2-Np re laser intensity usedindicated by the arrow in Fig.)3The
duced the AIO signal, however its effect was not enough to . . .

L . effects of the saturation for the population determined by the
eliminate AIO completely. Therefore, we had to eliminate the

contribution of AlO in the Al beam by a subtraction method. tlFuQﬁa‘:ﬁ;e;?rizttigr?ﬁE?;g?n ?:(ce)se?frilcbizgé)'lyh::tek?nr; i?%eZare
That is, the @ beam was operated with 5 Hz, while the Al y g g

Lz ... some polarization of the rotational angular momentum of the
beam containing a small amount of AlO was operated WIthreaction roduct, AlO, with respect to a space-fixed frame
10 Hz. The 5 Hz signal synchronized with thg Beam and b ' ' b b

that synchronized without Owere averaged independent under the crossed-beam conditions. However, since no infor-
y : 9 P Y mation about the polarization is available, we assumed that
by two gated integrators and accumulated by a compute

. . . fhe rotational angular momentum of AlO is isotropically dis-

The difference of two spectra was obtained by simple sub; . . , : -
. . . ) tributed in the space-fixed frame. Under this condition, the

traction. Because AlO in the Al beam is populated in low

rotational levels of the vibrational ground state, the subtrac-

tion was essential to determine the distribution of these lev-

| 1000 >
els. O  R-head of (1-0) band /’slope=1.0
o ® P(32) of (1-0) band i
® e
-~ s O
IIl. RESULTS // o
2 2
A. LIF spectra of AIO (B?3%-X237) 2 100 ¢ 0.6 ® *
and rotational-vibrational distribution %’ o /; s *
w
A typical LIF spectrum of AlO is shown in Fig. 2. This 3 © {9/ T
spectrum was obtained by the subtraction method described 7
in the previous section. The collision energy for this spec- 10 10 100 1000

trum was 12.2 kJ/mol and vibrational levels of AIO upuo
=2 are energetically accessible. Assignment of each line
was given by spectroscopic constants availableBf@nd X FIG. 3. The intensities of LIF measured as a function of laser intensity.

Laser Intensity / arb.
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relationship between the rotational state population and the 0 500 1000 1500 2000 2500 ©O 500 1000 1500 2000
LIF intensity can be derived from the rate equation approach @ T E,mSoama LB T T 40
based on a two-level model, which is described in the Ap-
pendix. As described in the Appendix, the population of the k q1
J"th rotational stateN;», divided by its degeneracy,J2 \5
+1, is related to the LIF intensity, r, of theP or R branch ,® ot
by the following equations: T 4o
For the P-branch: 2\]’\,],11“ l,,Lan; g - 17
Jp 5 \q\\-
~ 01 -, 0V, Ao
For the R-branch: I\,I,J" o ue . T " 1"
2)'+1 (3"+1)p" Q 1
= 11
Here,p is the density of radiation, arld,- has thenth power %
dependence om, i.e., n=1 corresponds to linear depen- 0.1 {0.1
dence anch=0 corresponds to the full saturation condition. 10 110
These equations indicate that the saturation of absorption %
affects only the dependence bfiz/J" or I /(J"+1) on 1 14
the radiation densityp. Because the variation of the laser
intensity is small over the LIF spectrum in the present study, 01 1oy
Ny /(23"+1) is proportional tol,z/J" (for the P-branch 10 IE =é5 3kJ{/moI— 710
or I ¢/(J"+1) (for the R-branch), no matter how the ab- o
sorption is saturated. L ~. > iy
At each collision energy, several spectra were measured
and averaged rotational distributions are summarized in Fig. o1k o 0.1
4. Except for the lowest collision energy, 6.9 kJ/mol, the ' R R S T 1 e |7
vibrational level ofv =2 is energetically possiblevE& 3 is 0 500 1000 150020002500 0 500 1000 1500 2000

. . . . Rotational E / cm’
also possible for the highest collision enefgyowever, just onalEnergy 7 em

the rotational distributions =0 and 1 are shown in this FiG. 4. Rotational state distributions of Al €0 and 2 formed by the

figure, because not enough transitions were observed for theaction, Ak O,—AIO+0O. Collision energies were 6.9 kJ/mple) and

rotational state distribution af =2. Also shown in this fig-  (?)]. 9.7 kd/mol[(c) and(d)], 12.2 kJ/mol(e) and(f)}, 18.5 ki/mol(g) and

ure are rotational distributions expected from statistical en!M]: and 25.3 ki/mol(i) and ()]

ergy partitioning which were estimated by°(v,J)o(2J

_ _ 1/2 . . . . .
+1)(Ea—E,—E)7, whereE,, E,, and E, are total  tions of vibrational states as adjustable parameters. In this
available energy of reaction, vibrational energy of AlO, andana|ysis, the rotational distributions of all vibrational states

its rotational energy, respectively. Rotational distributionsyere assumed to be characterized by a single surprisal pa-
determined at several collision energies summarized in thig; meter, 9, and the distribution was given by(v,J)«(2J
figure are quite similar each other. At all collision energies, 1)(E,—E,—E,)Y2exp(- 6E,). The Franck—Condon fac-
the populations were observed until the highest energetically, s \were taken from the calculation by Miché?s.

possible rotational levels. The observed rotational distribu- e example of the simulated spectrum is shown in Fig.
tions have a littte more population in low rotational levels g This observed spectrum was measured for Al with 30% Ne
and relatively less population in high rotational levels thanin pe of the carrier gas, i.e., 18.5 kd/mol of collision energy.
N"(v,J) in both vibrational states; =0 and 1. o The best fit surprisal parameter was-1.3, slightly non-
_InFigs. 3e), 3(1), 3(g), and 3h), the rotational distribu-  gtaistical, and relative populations of=0, 1, and 2 levels
tions determined for two different Al conditions are shown.,yere 1.00, 0.27, and 0.06, respectively. Again several spectra

Under these conditions, the relative populations of two spin—ere analyzed and vibrational populations were averaged.
orbit states of Al are different, while the collision energies

are identical. It is clear that no remarkable difference of oo ¢ __—
tational distribution is seen between the two Al beam condi-— = ¢ 9Y partitioning
tions. Rotational and vibrational energy partitions are summa-
In the analysis applied to obtain the rotational distribu-rized in Table Il and Fig. 6. Averaged rotational and vibra-

tion, each rotational line was identified and its intensity wastional energies based on the statistical energy partitioning are
converted to the population. However, several rotationablso shown in this table and figure. The observed rotational
lines, especially the transitions originating from low rota- energies were around 30% of the available energies at low
tional states, were so congested that their intensities couldollision energies, and decreased to about 20% at the highest
not be obtained directly from the peak height. In order tocollision energy. These results were commonder0 and 1
determine the vibrational distribution, the observed spectraibrational states. On the other hand, those expected from the
were simulated by using the surprisal parameter and populatatistical energy partitioning were 40% at all collision ener-
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E_,=18.5 kd/mol

coll

Simulated spectrum
A=1.3
N,:N,:N,=1.00:0.27:0.06
FIG. 5. Observed and simulated spec-
tra of AIO. The measurement was car-
ried out at 18.5 kJ/mol of collision en-
_J ergy and the spectrum was simulated
for the available energy of 2800 crh

LIF Intensity / arb.

Observed spectrum

467 468 469 470

Wavelength / nm

465 466

gies. As expected from the rotational state distribution, theenergy. At all collision energies, the vibrational energy par-
energy partitioning into rotation of AlO is lower than statis- titioning observed was slightly smaller than statistical.
tical.
The observed vibrational energies were around 10% of ) o ) )
the total available energy and showed no strong dependenée Rotational state distribution for each spin—orbit
on the collision energy. The statistical energy partitioning tate
predicts that slightly greater energy goes into the vibrational ~As we described in the Introduction, an understanding of
motion of AIO and the branching increases with the collisionthe reactivity of the two spin—orbit states of Al, AR,

TABLE Il. Summary of energy partition.

25%N,/  30%Ne/ 10%N,/
Carrier gas Kr Ar Ne N He He He
Econ (kJ/mol) 6.9 9.7 12.2 12.2 18.5 18.5 25.3
E avail (kJ/mol) 21.9 24.7 27.2 27.2 335 335 40.3
Ny/2:Nap 55:45 50:50 50:50 90:10 73:27 54:46 70:30
(Eop v=0 Obs. 617%#29 681t68 67750 668+41 711+30 734+32 783+23
cmt (33.7% (33.0% (29.8%9 (29.4% (25.4% (26.2%9 (23.3%
PD? 735 828 911 911 1120 1120 1352
(40.1%9 (40.1% (40.1%9 (40.1% (40.0% (40.09% (40.2%
v=1 Obs. 26414 346+62 396+26 404+17 556+29 545+57 543+45
(30.5%9 (31.59% (30.4%9 (31.0% (30.3% (29.79% (22.69%
PD? 347 441 521 521 735 735 964
(40.1%9 (39.6% (39.9%9 (39.9% (40.0% (40.0% (40.1%
v=2 Obs. 40+2 115+9 113+13 285+9 284+13  421+11
(27.3% (32.5%9 (32.0% (32.3% (32.29% (29.0%
PD? 58 142 142 353 353 581
(39.69%9 (40.2%9 (40.29% (40.0% (40.09%9 (40.1%
Nvib/Ng v=1 Obs. 0.2k 0.33¢ 0.26* 0.25* 0.35+ 0.29+ 0.35¢
0.05 0.05 0.04 0.04 0.05 0.04 0.05
PDP 0.33 0.39 0.44 0.44 0.54 0.54 0.61
v=2 Obs. 0.012+ 0.017 0.019+= 0.072« 0.051* 0.072+
0.008 0.008 0.001 0.004 0.012 0.004
PDP 0.019 0.063 0.063 0.18 0.18 0.29
(Evib) Obs. 16734  247+23  228+35 225+26  264+50 26750 336+16
cmt (9.1% (12.0% (10.09%9 (9.9% (9.4% (9.5% (10.0%
PD? 238 294 362 362 502 502 670
(13.09%9 (14.3% (16.0%9 (16.09% (17.9% (17.99% (19.9%

@Average energy appears as the product rotation or vibration calculated by statistical energy partitioning.
bStatistical vibrational population.
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Collision Energy / kJ/mol vide both states. The relative populations of the two states
1 00 5 10 15 20 25 30 can be determined by the LIF of Al, and then one can convert
" | Rotational energy partition ve0 the cross sections determined by using two different carrier
oel e fg;; | gases, one containing,Nind the other without N to those
' i f(v=2) for two spin—orbit states. _ .
06| —— f° | We have applied this technique to determine the rota-
o tional state distributions for two spin—orbit states. The popu-
- L . A lations of each rotational state determined using two different
0471 ] Al beam conditionsN(J,A) and N(J,B), can be given in
W terms of the populations of two spin—orbit states at these
02 1 beam conditionsP1(A), Pax(A), P1(B), and Ps(B),
and the rotational populations generated from two spin—orbit
0.0 Vibraﬁ(‘mm enérgy pa;ﬂtion statesN4,,(J) andNy,(J), by the following equation:
04 - : N(J,A)) B ( P12 (A)P3AA) (Nl,z(J)) @
03+ ” N(3.B)/ | Py B)Pap(B) | | Nard9) |
« Therefore, the rotational populations determined experimen-
02 / 1 tally can be converted to those for the spin—orbit states by
0.1} P SN S (Nl,z(J) _(Pl/z(A)Ps/z(A))l(N(J,A)) @
N3/2(‘J) Pl/Z(B) P3/2(B) N(J!B) '
0.0 : : : : :
0 s 10 15 20 25 30 Measurements were carried out at two collision energies,

Collision Energy / k.J/mol 12.2 and 18.5 kJ/mol. Two carrier gases were used at each

FIG. 6. Summary of energy partitioning into rotatioh X and vibration €, ) collision energy. As already shown in Table I, pure Ne and
of AlO. pure N, provided identical mean velocity of Al with different

populations of the spin—orbit states, i.e., ZR(,,)/Al( P/,

is 50/50 in Ne or 90/10 in Bl Ne and N were diluted by He
and Al(?P3,), is needed to clarify the mechanism of reactionto increase the mean velocity. These mixtures again provided
(1). Experimentally, Naulin and Costes have opened the waywo substantially different populations of the two states, i.e.,
to determine the cross sections for specific spin—orbitAl(2P,,,)/Al(?Py,) is 55/45 in Ne/He or 75/25 in NHe.
states:” The laser vaporization generates both spin—orbiBecause the populations of spin—orbit states were slightly
states, however the carrier gas containing &ffectively  different from day to day, they were measured prior to and
quenches the excited AlP,,,) state. Therefore, the Al beam after the LIF spectrum measurements of the reaction product
of N, containing carrier gas is expected to provide mostlyAlO. Several measurements were averaged and results are
the ground state Af(P,,). Since rare gases are not efficient summarized in Fig. 7. Also shown in these figures are the
to quench the excited state, the Al beams of rare gases praoatios 0fN5,»(J)/N4;5(J) as a function of rotational energy.

Ecoi=12.2kJ/mol Eoy=18.5kJ/mol

0 1000 2000 30001 0 0 1000 2000 0 1000 200?
v=0

-

FIG. 7. Rotational state distributions
of AIO formed by the reaction,
Al(?Pyj5,39 + O,—AlO+O. Collision
energies were 12.2 kJ/m¢la)] and
18.5 kJ/mol[(c) and(e)]. Also shown
are ratios of rotational populations
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At the collision energy of 12.2 kJ/mol, the rotational sured the contribution of the inelastic collisions with NO
populations of AlIO from the higher energy ARj,) are  which is unreactive with Al. Only a little change was ob-
systematically lower than those from the ground stateserved in the LIF spectrum of AIO when the NO beam was
Al(?P,,). However, there is no significant difference be- crossed with the AlO containing Al beam. Since this change
tween the rotational distributions for AlP,;) and was negligible compared with the original AIO signal, we
Al(2Pg,). The similarity of the distributions is also clear in concluded that the inelastic collisions have negligible effect.
Fig. 6(b). The ratios seem to remain almost constant in spite
of large fluctuations. The averaged ratio was @:83l1, ) o
which is consistent with the ratio of reaction cross sectiond- Rotational distribution for Al (*Py) and Al (*Py;,)
for two spin—orbit states determined by Naulin and Costes &t"d the reaction mechanism
the same collision enerdy.At higher collision energy, 18.5 The rotational distributions discussed above were those
kJ/mol, the rotational distributions were also quite similarfor the reaction products from the mixed reactants?Ri(y)
each other[Figs. @c) and Ge)]. The averaged ratios of and Al(?Pg,). The interaction potentials for these two states
Na3o(J)/Ny5(J) are 0.96:0.60 and 0.980.73 forv=0 and  have been suggested to be differéhand the product state
1 vibrational levels, respectively. The increase of these ratioglistribution for each state is expected to provide more de-
with the collision energy is also consistent with the resultstailed information about the reaction mechanism. The results
obtained by Naulin and Costes. are summarized in the following:

(1) The rotational distributions are quite similar to each
IV. DISCUSSION other for Al(*P,,,) and AI(?Pg,) at two different colli-
sion energies, 12.2 kJ/mol and 18.4 kJ/mol;
(2) The relative reactivity of the two components depends

The rotational and vibrational state distributions for re-  on the collision energy. At lower collision energy, 12.2
action (1) were first determined by Dagdigiaet al** The kd/mol, Al(’P,,,) is about three times more reactive than
LIF method was applied in a beam-gas arrangement and the  A|(2P,,,), while their reactivities are comparable at a
internal state distributions were compared with those calcu-  collision energy of 18.5 kJ/mol.
lated from phase space theory. They concluded that the par-
titioning of energy was not completely statistical at a meanThe second result is consistent with the observation by Nau-
collision energy of 12.6 kJ/mol. Pasternack and Dagdigiarin and Costes’ They determined the relative cross sections
also studied the same reaction by using a velocity-selectefdr two components by measuring band heads of the AIO
beam condition and observed a significant deviation frontransition. They observed that AR,,) is more reactive
statistical energy partitioning in product rotation at three col-than Al(*P5,) at low collision energies while their cross
lision energies from 4.2 to 35.1 kJ/mbBlThe surprisal pa- sections become comparable each other at high collision en-
rameters they determined for=0 and 1 levels were nega- ergies. Our result again confirms that the excited spin—orbit
tive, which indicated that the experimental rotationalstate does react with {but is less reactive at low collision
distribution populates lower rotational levels than expectednergy. More importantly we observed that the rotational dis-
statistically. In their crossed-beam study, Costésl. ob-  tributions for the two spin—orbit states are very similar at
served completely statistical energy partitioning at low colli-low and high collision energies. That is, at low collision
sion energies, 8.0 and 18.3 kJ/mol, and a slight deviatiornergy, the difference between the two spin—orbit states ap-
from the statistical prediction at higher collision energies,pears only in their reactivity, and the rotational distribution
28.0 and 47.3 kJ/mol. does not depend on the initial spin—orbit state.

The energy partition determined in the present study The different reactivity of the two spin—orbit states has
shows that both rotational and vibrational energies of AlObeen explained by the long-range interaction potential con-
are a little lower than those expected from statistical energgisting of the quadrupole—quadrupole and the dispersion
partitioning. This result agrees with the observation by Pasinteractionst®°In the case of AfP;,,), the reaction is con-
ternack and Dagdigian. The rotational energy partitioning detrolled by dispersion forces, which are attractive and lead to
termined here was around 30%, which is the same as thebarrierless reaction at any collision energy. On the other
value. Although the rotational energy partitioning determinechand, the reaction of AfP5,) is dominated by the electro-
by Costet al. was slightly higher at low collision energies, static quadrupole—quadrupole interaction at very low colli-
35% and 33%, the difference seems to be minor. At highesion energy while it is controlled by dispersion forces at
collision energies, the present results are consistent withigher energy. For the quadrupole—quadrupole interaction,
those of Costegt al, i.e., the energy partitioning deviates the potential depends on the orientation of the approach of Al
from the statistical expectation. One possible explanation foto O,, i.e., collinear approach leads to an entirely repulsive
the minor discrepancy between our results and those dhteraction for AIPg,) and this repulsive interaction is re-
Costeset al. might be inelastic collisions of AlO in the Al duced by changing the orientation from collinear to bent. The
beam in our experiment. The rotationally inelastic collisionslower reactivity of Al¢P5,) is ascribed to this steric factor
of AlO in the Al beam may contaminate the population of in the interaction potential. Based on this model, it could be
low rotational states. Because @3 reactive with Al to form  expected that the difference of the entrance channel between
AlO, it is difficult to estimate the effect of the rotational two spin—orbit states lead the difference in the product rota-
inelastic collision with Q directly. Instead of @, we mea- tional state distribution. However, the results we observed

A. Energy partitioning
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show no substantial difference between the rotational distriand Dr. Christian Naulin at the Universite de Bordeaux, and
butions for Al¢P,,,) and Al(?P,). One reasonable expla- also thanks Dr. Yo Fujimura at Kyoto University for his help-
nation is the occurrence of an intermediate complex in thdul suggestion in the analysis of the LIF spectra.

course of reactiorgl). This intermediate complex might be _

formed 'fo.r Al(?P,,) for any origntation of approach. while 22$ESE+)I;DT:BES%FRIIDI\JF—II—SHSITY FOR PARTIALLY

only a limited range of orientations can lead to the interme-
diate for Al(?P5,). Although the limited range orientations In the two-level model consisting of lower level 1 and
of reactive encounters for APs,) leads to lower reactivity, Upper level 2, the rate equation for the population of the level
the system loses memory of the formation of the intermedi2, N2, is given by the equation,

ate complex, and provides the same rotational distribution dN,

for both spin—orbit states of Al. T B1opN1—(Byip+As)N,, (A1)

According to the long-range interaction model, the dis-
persion interaction becomes dominant for both?Rl{,,) and  whereN;, N,, p, B1,, By, andA,; are the populations of
Al(2P3,) at high collision energ}?*°The attractive interac- levels 1 and 2, the density of radiation, the integrated Ein-
tion for both states leads to the intermediate complex and thetein coefficients for absorption, stimulated emission, and
reaction again loses memory of the initial state in the comspontaneous emission, respectively. In the transition from the
plex. Therefore, it is reasonable that both the rotational dislevel of rotational quantum numbe¥, to J;, Bj; is expressed
tribution and reactivity become similar for the two spin— by the Haml-London factorS;;, as
orbit states at high collision energy. kS, kS,

The formation of the intermediate complex is consistent B, SN +Jl =1
with the potential energy surface calculated recently by Pak i gi
and Gordorf* According to their calculation, two doublet Here, g; is the degeneracy of thel; level and k
potential surfaces?A; and ?A,, have global minima at a =27?R%/3¢,h? (R is the vibrational and electronic part of
cyclic AlO, structure while no reaction path leading from the transition momenth is the Planck constank, is the
Al+0, directly to AIO+O is located. From the viewpoint of permittivity of vacuum.?® Then the rate EqA1) is given by
energy randomization, formation of the intermediate com- dN. kS, KS.
plex may not be consistent with the energy partitioning we =~ 2 _ ip 1—(ip+A21
observed. If the energy randomizes completely within the dt 9i j
complex, the energy partitioning is expected to be statisticalgy using the relation 06;=S;, and neglecting the contri-
Our resultS ShOWed a ||tt|e deViation from StatiStica| energybution Of Spontaneous emission Wh|Ch is Sma” Compared to
partitioning, and it might suggest the existence of an exithe stimulated emission under the saturation condition, the
channel interaction between departing products or short liferate equation can be integrated for the rectangular pulse du-

(A2)

N, . (A3)

times of the complex. ration, At. The result under the condition df,(t=0)=0 is
the following:
V. SUMMARY
02 01102
The reaction of Al with @ was studied by using a N2:Ngl+gz —exp(— 9.0, SpKAL | (A4)

crossed-beam technique at five collision energies. The rota- B ) . L
tional and vibrational distributions of the product AIO were Here,N= N1+ N, is the population Of the molgcule |n|t|§1IIy
determined from the LIF spectra of the AIBES, " —X 25.*) prepared in the lower level. The LIF intensity is proportional
transition. The energy partitioning into the rotation and vi-©© the population of the upper levél;, then given by
bration of AIO was observed to be a little lower than that +

>C X : _ 92 91702
expected from the statistical model. The rotational state dis- ILIF_CNgl+g2 1—expg — 910, SiopkAt
tributions of AIO were determined for the first time for two _ o . _
spin—orbit components of Al, AfP,,) and Al(Ps.). The wherec is the propotionality constant determined by experi-
relative reactivity of these components was different at lowmental conditions. In the two extreme cases, the absorption
collision energy, however their product rotational distribu-iS fully saturated or depends linearly on the radiation density,
tions were observed to be almost identical. Their reactivitiesnd the equation is reduced to the following equations, re-
and rotational distributions became similar at higher collisionSPectively:

. (A5)

energy. These results suggest that the reaction proceeds via N
an intermediate complex in which the initial condition such lue=cN ol (AB)
as an orientation of approach is lost and the available energy 91702
randomizes almost completely. NS;pkAt

| LE==C T (A7)
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+
| e=cN J2 (91 Jd2

9:+t92\ 010

N[ g9, \*°"
=c— S,pkAD)".
gl(gl+92 (Siapkat)

For the B2X—X?23 transition of AlO, S, for P and
R-branches are approximated BY andJ” + 1, respectively.

Then Eqs.(A6)—(A8) are given for theP-branch in the fol-
lowing:

n

(A8)

| N 0102 N (2J"+1)(23"-1) J'N
=C—-—_ =C— I ~C—,
"FToigite, o 4 o
(A9)
luF=Cc——pkAt, (A10)
91
L N(@erener-n 1-n .
L|F—Ca 27 (J"pkAt)
N ”
mc_(J//)l—n(J//pkAt)n:C_(pkAt)n. (All)
J1 01
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