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I_ Introduction 

L.wr-mduscd fluorcscencc (LIF) 11~s been applied 
m u1.q l.d~or~tor~es to stud) the spectroscope of wns 
( I 71. rhclr reaction dynanucs [8.9]. dnd dcactlvation 
[ 2.S.c)]. 1 iowe\ cr. onI1 in a l-c\\ cxpcriinents have es- 
tmldws of~ross sections or product state disrrrhutions 

heen m~dr [;.S-IO]. 0pt1c.d prohmg of product tibra- 
r~~nal smtcs md) provide addmonal insights into the 
dyn.ml~s of ion-molecule rextions which are not ob- 
f.Giisd 11~ moleculx beam sxlteriiig techniques [ 111. 
In 111~ pJprr we report one of the first LIF measure- 
mcnts ore xlbrrtional product state distribution for an 
ion -molecule reactlou. The LIF tcchuique is coupled 
to .S flo\\ mg Jfterglow apparatus. which provides a well- 
ch.u.xferl~ed medrum for qu.mtitative studies of state 
disrnbutrous aud other kmetic and dynamic param- 
eters [12_1_7]. 

Two reactions are investigated that demonstrate 

both the strengths and weaknesses of the flowing after- 
glow technique_ In the proton transfer reaction. O- + 
HF -+ OH(v = 0.1) + F-. the LI = 0 and u = 1 populations 
arc detennmed by LIF probing of hnes in the (1 ,O) and 
(1.1) bands of the .4 ?S+ -X ‘I13,z trausition. An at- 
tempt is made to obtain the product vibrational distri- 
bution in the N+ + CO -+ CO+(u = 0,1,2) + N charge 
transfer reaction by probing the A ‘Q-X ‘C+ band of 
CO+_ This attempt IS frustrated by rapid vibrational 

relaxation of the nascent CO+(u) with both CO and N2 
aud by the Penning ionization of CO by residual He 
metastables. A quahtative estimate of the vibratlonal 
relaxation rates of CO*(u = 1) is obtained, but accurate 
product state information for the ion reaction cannot 
be determined. 

2. Experimental 

The previously described flowing afterglow apparatus 
[ 13-161 is modified here to incorporate laser-induced 
fluorescence detection (fig. 1). The instrument consists 

of a 7 3 cm diameter flow tube with an electron knpact 

ion source at the upstream end, a quadrupole mass 
filter to sample the ions through an orifice at the down- 
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stream end, a 500 11 s-t blower to establish the high- 
velocity flow of helium buffer gas. baffle arms to in- 
troduce the pulsed laser beam, a photomultiplier and 
its associated fluorescence collection optics, and gated 
analog signal detection electronics Fluorescence emitted 
at right angles to the laser is imaged with a 5-l cm 
dlameterf/l suprasil lens onto the slit in front of the 
photomultiplier. The analog signal from the photo- 
multiplier is processed with a boxcar integrator which 
is gated on just after any scattered laser light and re- 
mains on for several ps. The analog output of the box- 
car is digitized and also plotted on a strip chart recorder. 

The tunable laser source is a pulsed, Nd : YAG 
pumped dye laser system (5 ns pulses, 10 Hz, 1 cm-’ 
linewidth). Amplified spontaneous emission is supressed 
to less than 5% of the narrow line power. Frequency 
doubhng for the OH experiments is accomplished with 
an auto-tracking, angle-tuned KD*P crystal. For un- 
saturated excitation of CO+ and OH, an energy density 
of ~0.1 mJ cmm2 is used. The fluorescence signal is 
normalized to the average laser power, which is mea- 
sured with a thermopile and monitored with a second 
channel in the boxcar integrator_ 

Several modifications are made to reduce stray and 
scattered light from reaching the photomultiplier. All 
surfaces within the flow tube are blackened with flat 
black coating. Stray light from the ion source filament 
is reduced by incorporation of a 90° elbow between the 
ion source and the laser detection zone. Scattered laser 
light is reduced with narrow-bandpass or long-wavelength 
cutoff filters. A maJor source of light noise is the gaseous 
afterglow itself. The ion source generates copious quan- 

tities of excited He metastables, which are typically 
quenched before the reaction zone, but produce emis- 
sions upon quenching that reach the photomultiplier. 
The slit and focusing lens in front of the photomulti- 
plier discriminate the signal photons from this back- 
ground by a factor of 30. The maximum achievable 
sensitivity inherent in LIF detection is not observed in 
these experiments because of the trade-offs between 
maxirnizing ion production and minimizing product 
molecule relaxation and afterglow stray light. 

Under some conditions, residual He metastables can 
produce interfering reactions, such as Penning ioniza- 
tion of CO which obscures the CO* from the desired 
N+ + CO reaction_ Similarly, interference from OH _ 
produced by impurity reactions in the ion source re- 
gion can obscure OH fomled in the desired O- + HF 
reaction_ Measurement of background signals from 
either of these sources is accomplished by stopping the 
ions just prior to reagent addition_ A 30 V potential 
applied to a series of six 1 cm long electrically insuldted 
rings which make up a section of the flow tube stops 
=99% of the ions and allows an “ion-on’/‘Lion-off’ 
measurement of the LIF. 

The N+ ions for the reaction with CO are produced 
by flowing pure helium over the filament and adding 
N, immediately downstream of the ion source_ At N2 
pressures of 0.006 Pa or O-OS Pa (1 Pa = 7.5 X 1W3 
Torr) and helium pressures of 70 Pa, the N+/Nz ratio 
is =220/l _ N$ can also react with CO, and thus must be 
minimized. The O- for reaction with HF is produced 
by passing a mixture of 3.3 Pa of 02 and 70 Pa of He 
directly over the filament_ Typical reactant ion densi- 
ties at the laser detection zone are 10’ cmm3_ Neutral 
reactants, CO or HF (99.9%). are added through a 
movable inlet at approximate pressures of 0.006 Pa and 
0.7 Pa or less, respectively. HF is used directly from 
the cylinder_ He, N1 and CO are passed through molec- 
ular sieve traps, cooled IO either 77 K (He) or i95 K 

(N, and CO)_ 

3. Results and discussion 

The first reaction studied is the N+ + CO + 
CO+@ = 0,1,2) + N charge transfer resction @I!? = 
-0.52 eV, k, = 5 X lo-to cm3 molecule-1 s-l [ 173). 

Energy resonance favors population of u = 2, but the 
Franck-Condon factors [ 181 favor population of u = 
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0. CO+ is observed both by LIF and at the mass spec- 
trometcr upon addition of CO to the hehum flow con- 
taining h’*. llowever. experiments in which the ions 
are stopped by a retarding potential on the rings dem- 
onstrate that much of the CO” is formed by Penning 
ionization of CO with l+z metastables when the pres- 
sure of 8? IS belox\ 0.1 Pa_ The Pennmg ionization 

redcrioa produces substantial excitation of both CO+ 
,\ d11.l B states [ 191. which in turn will radiatively cas- 
cade to various \ibratlonal levels of the X state. Thus 
~1ri1011gh CO+ 1s detected by I IF m both U” = 0 and 
~7 = I. It IS 1101 possible lo rule out the production of 
CO’ hi lit mctastables under the conditions in which 
~7” = 1 IS observed. At ltlgher Nz pressures where He 
mer.wJbles are completely quenched. rapid vibration- 
.d rcl~x~tion of CO*@ = 1) by N, precludes detection 
01 CO+(u = 1) within the signal-to-noise. 

Arrempts to quantify .he vibrational relaxation of 
< O+(v = 1) b? CO and N1 are also frustrated by the 

poss~blr reformation of ewited CO+ m the detection 
/one b? 1 le metastables. Thus it 1s only possible to 
c~~nclude that the rel:~hatron rates of CO*(u = 1) bq 
(‘0 .md N:, both are rapid. somewhere m the range of 
0 1 - 1 0 of the Lsnyn rate. Smith and Futrell [20] 
5110~~ ed tbar tbe CO + CO cltarge ehcbange has a rdte 
coefficient of 95 X IO-‘* c an3 molecule-1 s-l, essen- 

t~ally 111~ L.mgevin rate. T11us It is likely that the vibra- 

tw1~1 dextIvJtion of CO+ b_\ CO proceeds with a rate 
0i dt lwst 11~11‘ tliJt value assuming that the vibrational 
energ? remams x\ 1t1i the 1011 1x1 blf of the colhsions. 
For CO+ deacti\Jted by N?. such a resonant charge 

rr.msfer channel IS not open. dnd the vibrational deac- 
tnsIlon_ ~111ch IS .11so observed here to be extremely 
eifiaenf. IIIUSI occur b> near-resonant vibration-to+i- 

br.nwn energ> trjnsfcr. 

lk~.iuae of the dIfficultIf inherent in the charge 
tr.~nsKer r~xt~on described above. the second systenl 

~lwslIgJWd is the proton abstraction reactron, 

o- + *& Oll(u = 0.1) + F- 

(*VI = - 0.46 cV (-3710 a~-~) [Zl--23],kz (estimated 
1x1 1111s work) z 5 X 1O-10 cm3 niolecu!e-i s-l). The 
t* = 1 bfdrc’ hrs 3570 cm-~ above u = 0. In the reaction 
of O- + 11F. in contrast to that of N* + CO. interaction 
UI Ile mrt~stables with the neutral reagczt camlot gen- 
~T.IIC’ the detected diatomrc product; moreover, vibra- 
11ona1 dextivation of 011 IS slower than for an ionic 
spec~cs. 1 knkever. bxhground levels of OH are produced 

in the ion source. The resrdual OH@ = 0) is found to be 
10-2055 of the OH@ = 0) produced by the ion reaction_ 
This value is the same when either the O- or HF is 
stopped_ The reported background values are obtained 
by turning the HF flow off_ 

Detection is accomplished by probing specifically 
the P, (2) and PI (5) lines (AIN = -1. Al = -1) of the 

(I .O) and (1 ,I) bands (u’.u”) of the OH (A ‘C+- 
X zI13,1) transition. A spectrum of the (1 .O) band sys- 
tem and rhose specific lines are shown in fig. 2. The 
(1,l) band is similar and occurs in the 3 14 nrn region. 
These lines are chosen because they are well isolated in 
both bands. Since the same upper state levels are ex- 
cited 111 both bands. it is not necessary to correct the 
signals for photoniultiplier response. transmission of 
the optics. and vibrational deactivation_ The rotational 

line intensities fit a Boltzmann distribution at 300 K. 
indicating complete thennalizatlon of the rotational 

levels by the 500-1000 collisions with helium during 
the time between formation and detection of OH_ Lme 
areas are measured with a very slow scan of the laser to 
obtain the most precise. reproducible results. 

The data are reduced in the following way. The 
signals are normalized for laser power by the dual 
channel boxcar. The line areas from each run are cor- 
rected for the residual OH background, and the signals 
are normalized for the differences in absorption strengths. 
The electronic transition dipole moment for the 
OH(A-X) system is a strong function of internuclear 
distance. As a result, the band intensities are not simply 
proportional to the Fran&-Condon factors. Various 
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1-1:: 2. Laser-mduced fluorescence spectrum of the (1.0) band 
of the OH(A-X) s] stem. The P1 (2) and PI (5) hnes are used 
to determine the vibrational dtstribution in OH. 
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Table 1 
Signal areas for one set of experiments on the O-+ HF + OH 
+ F- reaction a) 

(1 .O) signal b, 

1601 

1660 

1570 

1686 

ave = 1629 5 53 

(1,O) background (1,l) signal ‘) 

499 763 

429 792 

475 823 

290 771 

ave=312* 93 ave = 787 * 27 

a) Inlet position 2 cm upsrream of the LIF region, HF pres- 
sure 0.13 Pa, Pt (3) hne. 

b, Areas uncorrected for background (arbltran units> Errors 
are &?a_ 

c) No bxkground observed for U” = 1 in any of the cAperi- 
ments reported here or in table 2. 

methods for calculating the transition probabilities 

have been discussed [23], and values have been tabu- 
lated for the (O,O), (1,l) and (1 ,O) bands [3_4] _ The 
ratios used here for (1,0)/(l) 1) are 0.416 for the P, (2) 
line and 0.417 for the P, (5) line. Since the Boltzmann 
meightings, e-flkT/Q, are slightly different for the U” = 
0 and u” = 1 states, the LIF signals are normalized to 

them (f is the rotational ener,y of the N”, J” state and 
Q is the rotational partition function). Those ratios for 
u” = O/u” = 1 aie 1.019 for the PI(Z) line and 0.942 for 
the PI (5) line. Correction for the rotational degeneracy 
is not necessary since the same lines are compared in 
each case. The dye laser is scanned in constant wave- 
length increments per unit time (dA/dt), but the fomm- 

lation of the line area and absorption strength assumes 
constant frequency intervals. Since dvldt a -dX[X’dt. 
the peak areas must be normalized by dividing by A’ (a 

value of 0.809 for the (1 ,O)/(I , 1) ratio). 
The OH@ = I/u = 0) population ratio is measured 

for HF pressures ranging from 0.13 to 0.93 Pa and for 
movable inlet distances from 2 to 14 cm upstream of 
the laser beam. Table 1 shows a representative set of 
raw data for four runs at one inlet distance and pressure 

of HF, along with the residual OH corrections_ Table 2 
displays the final OH(u = l/u = 0) ratios_ Vibrational 

relaxation of OH@ = 1) by HF is not observed and re- 
laxation by O2 also appears to be slow_ The reduction 
in the u = l/u = 0 ratio with increasing reaction distance 
is probably due to relaxation of u = 1 at the wails_ Extra- 
polation of the results in table 2 to the shortest reaction 
distances leads to the final quoted distribution for u = 
0 : u = 1 of 1.00 : 0.22. + 0.02. The error represents 95% 
confidence limits. 

Table 2 
Final population ratios for OH(v = l)/(v = 0) from the O- + HF + OH -+ F- rcxtion 

- _~ 

Line Number of HF pressure Inlet distance (v= l)/(v=o)a) 
experiments (PA) (cm) 

P, (3 6 0.13 2 0.230 * 0_015 

p, (2) 6 0.27 2 0.215 i 0.017 

Pl(2) 6 0.40 z 0.235 -c 0.017 

Pl(2) 6 0 67 2 0.215 i 0.033 

Pl(2) 6 0.93 2 0.219 i 0.021 

P,(2) b) 4 0.13 2 0.224 f 0.034 

PI (2) 4 0.13 6 0.220 f 0.024 

PI (2) 4 0.13 10 0.193 i 0.034 

P1(2) 4 0.13 14 0.134 i 0.028 

PI (5) 6 0.13 2 0.249 i- 0 029 

pi (5) 6 0.13 6 0.200 -c 0.033 

final rat10 0.22 2 0.02 

- 

a) Errors reported to 95% confidence based on standard deviations in raw data. There may be some uncertainty in the absorption 
coefficients; however, this is not included in the error limits. 

b)The result from the raw data shown in table 1. 
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II sliould bc noted that the P,(3) and P,(S) lilies 
borh s.u~iple the X ‘I131z stdte. The O- 2P1j2. ‘? p,,, _ 
st.rtcs XC split by 22 meV [Z] In a separate experi- 
IWIII on the (0.0) band the strengh:s of the R@) 
hnes(~11*,~.1\‘= 3.4) are compared to the Kt (N) + 
RL,(.\’ ) blended hnes (‘II,,,. IV = 3,4) The intensities 
of tbc5c hcs .irc completely consistent wrth a statis- 
ll2.11 at,,z. a_;,2 dlstnbutron. Collisional equlhbration 
ol IllC 211*,~ Jlld -‘II 31~ st3tes (LX= 16 meV i35]) 
IIIIF~II be cxptsted to be rdpid with the I~elIUm buffer 

+I\. \(I II I\ mlAc1y th.11 JOY prefcreiitidl populdtlon of 
rhc ‘11,1, (>I 2llj/7 st.~tcs cm hc observed here 

I he I,,\\ OI I(I) =’ I ) pq~ulatwn is clidrdctcristlc of 

pi~dikI st~tcs u~Ii:m2 aierpws 3112 close to tlic reaction 
c\\cwrgirlI~ (Ilk- rllclgy 111 CACCSS ofu = 1 1s 140 cn1-1). 

I .I~IIL’I l’\pcrmir‘~its WI proton JbstrJctloll reitctloIIs of 

( I-+ llL31. Ill II-11 .d I--+ IICI, lIBr.md lil 11.51 

4lwrcd IIIJI tl~r t r.ic twn ol’cacrgy dcposrtcd mto vrbra- 
~IWIJI c\c~t.~t~mi Is sub5tdI~tIJl wlien more energy is 

.I\.lllJl~lc (I,, = 0 3 - 0.5) In the O- + IIF redion. there 

14 \tdl .I strwg l~~ope~isit~ to deposit eneIyy III10 vhra- 

IiwI 1111s IS cutlc~i~cd by tlic ohscrvcd 0 IS traction 
111 LJ = I Wllll>Jrr’d to J VJhW 111‘0 07 C JlcUlJtCd for J 

~I~IS~ICJI “~IIOI” cl~~lril~t~tioi~ 1241 Ml of the proton 

.~lrst~.t~t~o~i I~.IL~WII\ ~iivestIg.~rcd tlius f.ir hve wbra- 

IICWJI lI10du~1 tlIrtrIl~ulIms vcly swdir to those of 

,lll.1h~~Wl5 ll~lltl.lt lI~dlt~~~l1 :IbStlJctlOll 112JctioUS The 

IILWI~JI .IUJlog 01 the O- t 111~ redct1m. hwcver. is 

111gl1h LYI~O~II~III~IC. The poteIItiJl surlJces for IOU- 

III~~I~cIII~ IL’JC Iims tlil ICI sI~bst.IiitiAy froni tlwir iicu- 

Il.11 boIII~Irrp,Irls III tli~t the IOU rr,~ctions li~vc strong. 

I~UI~-I.III~C .Ittr.ILti\e I’MLIZ rlwrc .Ire often no bdrricrs, . 
.wd III rlir c.w ofO_ + lli;. multiple suffice corssings 

IIIJ~ Iw IIII~OI~JU~ It rcI~~.IIns to be detcrmmed by fur- 
tik'l tll~‘c)l~‘lIL’.ll Jll.ll)‘SlS llOV.’ tlWSt2 fI2JtUrcS of the PO- 

Irnt IJI wcrp wrl.ic‘r wdl irffcct energy dispos,ll dnil 
SL*l~LtIvIt~ III 1011 Itloleclll~ reJLtlolls [X27] 

-1 C‘otlrlll~loll 

\Ve ll.1~12 tleIIIwIslr.Ited :lI.~t the flowtrig dfterglo\k- 

I II trclmclw CJII be Ilsetl IO dctcrniine precise Vibrii- 
111mil thlrhitttom fat ton-n~olcculc redctiwis cdrried 
(WI unclcr ~~rll-sl~~r,:ctcr~rcd condttiorts The technique 

IIW ENS c~ccllc~~t promtse for ~iie~si~rmg the r,ltes of 
\:h1.1twn.1l r&\JIloll and vIhrJtIon-to+Ibration energy 
~r.matr~ ln ~a~~-~nolerulc colhsions Tlie present Ittnita- 

x 

ttons of afterglow emission. unwanted vibrational de- 
activation. and obscuring reactions may be solved by 
more sophisticated methods of ion production, such as 

the mass selected ion introduction technique [28]. 
which eliminates the helium metastables ?nd neutral 
precursor mo!ecules from the flow tube. Under such 
conditions. the ultimate sensitivity of the LIF technique 
is expected to be achieved. 
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