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A study of the 21 resonantly enhanced multiphoton ionizati(REMPI) spectrum of DCI is
reported. Transition energies for excitation of théA—X 37 (0,0) and(1,0) bands, as well as the
VISt-X 137 (v',0) bands, fov'=15-19, are presented. The derived molecular constants for the
F-X (0,00 and theV—X bands agree well with those previously obtained from analysis of the
one-photon VUV absorption spectrdd. E. Douglas and F. R. Greening, Can. J. PHy%.1650
(1979]. The ion signals for excitation through various rotational lines inEheX (0,0) andF—X

(0,0 and(1,0) bands are compared with theoretical two-photon line strengths. Extensive power- and
J'-dependent ion fragmentation is observed for the former band. No fragmentation is observed in
the F—X bands; however, the ion signal strengths are found to vary stronglydWwitfhis variation

of REMPI signal strengths v3' was shown to be due to an indirect predissociation, as in HCI.
Tables of experimental line strength factors for EheX (0,0) and(1,0) bands of HCI and DCI are
reported. Finally, the relative REMPI detection sensitivities for HClI and DCI, through their
respective F—X (0,00 R(1) lines, are compared. @996 American Institute of Physics.
[S0021-960606)02046-9

I. INTRODUCTION calibrate the REMPI signal strengths by using a sample with
a known internal state distribution, such as a Boltzmann dis-
Resonantly enhanced multiphoton ionizaligREMPI)  tribution at a known temperaturéd:”®
is a very sensitive spectroscopic tool which has been used in  Sensitive, state-selective detection of HCI by the REMPI
studies of both the spectroscopy and reaction dynamics d&chnique has been extensively employed in studies of the
small molecules in the gas phase. In contrast to the mordynamics of a number of collisional processes involving this
frequently employed method of laser-induced fluorescencénolecule, including rotational ~ energy transtef,

- k1114 5 :
the use of REMPI to obtain relative populations of differentphOtc_’d'Si-ZE’fo'a“O'J" coherent Zgontrojl, chemical
internal states is problemafic® In part, the determination of '€action,”"="and surface scatterirfg** The HCI molecule

populations requires care because of the ease of saturati pvides a Very go_od example of the. comphcatl_ons n
" . MPI detection owing to both perturbations and dissocia-
the resonant transition, which can cause the dependence 0

the ionizati i the | i f level t tion. Two of the strongest transitions in the-r2 REMPI
€ lonization rate on the faser power o vary from feve Ospectrum of HCI involve resonant excitation to tBe'S,"

Ievejl.6 In addit.ion, there is the possibility that the resonantly , \ 4 1A electronic state®24These transitions have proven
excited state is perturbed; such perturbations can have largg pe very useful for the determination of HCI rovibrational
effects on the rotational intensity factd¥3This is, in fact, populations. For th&—X transition, considerable ion frag-
quite likely to occur in REMPI detection because of the highmentation occurs, and Hand CI' ions are formed with
density of electronic states at energies reached by the absorptensities comparable to those of the parent molecular ion at
tion of two or three UV photons. Lastly, dissociation may typical laser power densiti€g*2> Moreover, the detection
compete with ionization of either the intermediate or a su-sensitivity for excitation through both the =0 and 1 vibra-
perexcited state, and both parent and fragment ions can B@nal levels drops significantly with increasing rotational an-
produced; this leads to further complications in convertinggular momentum,’. In contrast, there is no fragmentation
ion signals to relative internal state populatidrisSince itis  for ionization through theF—X transition. However, the
difficult to calculate quantitatively the effects of all these REMPIline strength factors vary strongly widt for ioniza-

. l r__ . .
factors on the magnitude of an ion signal, it is useful totion through both thé= "A v'=0 and 1 levelS. This varia-
tion in intensity has been shown to be due to a loss mecha-
nism that is the result of an indirect predissociation of the
dpresent address: Stanford Research Systems, 1290-D Reamwood Avﬁ-'lA state®

Sunnyvale, California 94089. .. . . .
bpresent address: Department of Chemistry, University of Utah, Salt Lake ~AS @ result of recent collisional experiments, in which

City, Utah 84112. both HCI and DCI internal state distributions are reported,

J. Chem. Phys. 105 (23), 15 December 1996 0021-9606/96/105(23)/10251/12/$10.00 © 1996 American Institute of Physics 10251

Downloaded-21-Mar-2005-t0-131.193.195.198.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://jcp.aip.org/jcp/copyright.jsp



10252 Dagdigian et al.: Detection of DCI by multiphoton ionization

there is a need to quantify the REMPI detection of the DCITOFMS with a 40 cm focal length fused silica lens. The UV
isotopomer. In the present paper, we report DCI REMPIpulse energies employed ranged from 0.3 to 1.5 mJ.
spectra and intensity factors for ionization through Eh&, * The TOFMS is of the Wiley—McLaren desigh,with
andF A states. As with the corresponding transition in HCI, two acceleration regions. Following the ionization-extraction
we observe considerable formation of atomic ions fromBEhe region, there are two sets of deflection electrodes for beam
state. In addition, we directly compare the REMPI signals forsteering and an Einzel lens for beam collimation. The ions
detection of HCI and DCI through their respectiMestates. are detected at the end of the flight tube with dual micro-
We also show that th&’-dependence of theE—X transition  channel plates, whose output was monitored with either a
of DCI can be satisfactorily explained by an indirect predis-gated integratoSR250 or a digital oscilloscopdLeCroy
sociation mechanisif, involving non-Born—Oppenheimer 9360, 300 MHz analog bandwidth, maximum sampling rate
mixing with neighboring excited states, similar to what we 5 Gs/3. The parent and fragment iof®CI*, D*, CI") were
previously found for HCP. The derived relative detection collected with equal efficiency, as was verified by the insen-
sensitivity of HCI and DCI has recently been employed tositivity of the ion signal intensities over a fairly wide range
determine the HCI and DCI product branching ratios in theof Einzel lens focusing conditions. For measurement of the
reaction of Cl atoms with the selectively deuterated speciegelative ion signals for different masses, several gated inte-
(CH5),CD and CRCH,CD; in order to compare the cross grators simultaneously monitored the ion signals for these
sections for abstraction of primary vs secondary or tertiarynass channels as a function of the UV laser wave number.
hydrogens from hydrocarbon reagetitd’ For calibration of the laser wave number, scans of the ion
Several studies of the one-photon VUV absorption andsignal were taken simultaneously with a neon optogalvanic
emission spectra of DCI have been repo&d°Of greatest  spectrum and the transmission maxima of @alam (free
interest for REMP!I detection of DCI is the observation andspectral range 0.663 cHin the visible.
analysis of theE—X and F—X transitions by Douglas and The apparatus at the University of Illinois at Chicago has
Greening® In contrast to the extensive work previously car- been described previouélgnd is similar to the one used at
ried out on the REMPI spectrum of HE1>?-2534=3ittle  Johns Hopkins. This apparatus was used to record the
attention has been paid to the DCI isotopomer. Callaghad-dependent anomalies in the-X transitions and the cor-
et al?® reported molecular constants for th&0) and (2,0) rection factors for thé-—X transitions in HCIl and DCI. The
transitions to theE state and th€0,0), (1,0, and(2,0) tran- UV laser energy was typically 0.5-1.0 mJ/pulse and was
sitions to theF state of DCI. Subsequently, Greenal?*  focused between the repeller and extractor plates with a 30
reported transition wave numbers in & 2REMPI spectrum cm f.1. lens.
for the rotational lines in the 5CI E '3 "X 3" (0,0
band, but no study of REMPI intensity factors for any tran-;; resuLTs
sition has been carried out for this molecule, to our knowl-
edge. To complement our study of these intensity factors, wé&- REMPI spectra and transition energies
have measured accurate transition energies for several bands gince accurate line positions for only te-X (0,0

in the REMP!I spectrum of DCI. band have been reported previously in the REMPI spectrum
of DCI, we have measured accurate transition energies for
Il. APPARATUS several bands of thE—X andV-X transitions. Table | pre-

sents our measured line positions for th&@ F—X (0,0)

The experiments at Johns Hopkins University were carand(1,0) bands. These line positions were fit to the expres-
ried out in a recently constructed time-of-flight mass specsion
trometer (TOFMS which has been described in detail - . -
previously!® The ionization-extraction region and the fight ~ 2(3" )= ToTT,(I)=F,(J, @)
tube are separately pumped by trapped oil diffusion pumpswshere
DCI (Isotec, 99% atom B or HCI (MG Industries, Inc., B 2 2
respectively was bled into the ionization chamber through a F,()=B,J(J+1)=D,J"(I+1)% e
variable leak valve(Granville Phillipg to pressures of The resulting values of the band origify, and the rotational
<2.5x10 ° Torr. The resultant increase in pressure in theconstantsB, andD, , are reported in Table II. In these fits,
flight tube chamber was<2x10 ' Torr (ionization gauge B{, and D were held fixed at the valueg.39226 and
reading$. With this method of introducing the reagents, the 1.4006<10 © cm™?, respectively obtained from accurate in-
rotational  distributions  follow a room-temperature frared measurements.Consistent with analyses by other
Boltzmann distribution. The reagents were stored in a 0.25 workers?*?°*3?we allowed for the possibility of\ doubling
glass bulb, which could be evacuated with a diffusion pumpby fitting the e and f symmetry levels of theF A state

The frequency-doubled output of an excimer laserseparately.
pumped dye lasefLambda Physik EMG101MSC/FL3002, As can be seen from Table Il, our values for these pa-
operated at 10 Hz repetition ratevas employed for elec- rameters agree very well with the one-photon values reported
tronic excitation and ionization of the molecules. The UV by Douglas and Greenir for the F—X(0,0) band. The
radiation was separated from the visible output with dichroicF—X (1,0) band was previously reported in the REMPI spec-
optics and was focused into the ionization region of thetrum by Callagharet al.?® and their constants agree with the
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TABLE |. Measured transition wave numbers for thé°0Ol F *A—X 3" (0,0) and(1,0) bands?

J’ 0(J) P(J) Q(J) R(J) S(J)
(0,0) band
0 82 940.94
1 82929.91 82961.10
2 82 908.27 82 939.61 82 980.78
3 82 875.94 82 906.86 82 948.35 83000.02
4 82 832.88 82 863.89 82 905.30 82 956.90 83018.69
5 82 810.00 82 851.47 82902.83 82 964.92 83 036.94
6 82 786.54 82 838.46 82 900.25 82 972.60 83 054.96
7 82 762.83 82 825.00 82 897.23 82 979.69 83072.02
8 82 738.84 82 810.99 82 893.70 82 986.03 83 088.87
9 82714.12 82 796.81 82 889.32 82 992.33
10 82 689.36 82 781.87 82 884.75
(1,0) band
0 84 768.26
1 84 757.40 84 806.77
2 84 735.76 84 766.25 84 825.08
3 84 703.32 84 733.85 8477451 84 842.52
4 84 690.53 84 731.09 84 781.79
5 84 677.14 84 727.98 84 788.46
6 84 663.05 84 723.88 84 794.57
7 84 648.20 84 719.13 84 799.97
8 84 632.84 84 713.76 84 804.49
9 84 707.70

3Estimated uncertainties in the transition wave numbeds3 cn .

values reported in Table II. We believe the assignment of théhe only other nearby)'=2 state is expected to be the
(1,0) band is correct for several reasons. First, the rotational A,(v’'=1) level, which should lie~800 cni! lower in
structure is consistent witf)’=2. In addition, this assign- energy tharF *A(v’'=1).2* We also note that the REMPI
ment leads to the derived Vvibrational spacingintensity of theF—X (1,0) band was much weaker than for
AG,,=1828.@4) cm™ L. This value is quite close to the vi- the F—X (0,0) band.

brational spacing in the DClion, AG,,,=1864.0 cm* (Ref. Douglas and Greenif§report observations of tHe—X

39). A similar vibrational spacing was previously noted for (0,0) and (1,0) bands in one-photon VUV absorption spec-
HCI(F) and HCI" (AG,,=2516.5 and 2568.62 cm, troscopy of DCI. To complement the previous observations
respectively,>* as expected for these Rydberg states. Finallypf the E-X (0,00 and (2,00 bands in the REMPI

TABLE II. Derived spectroscopic constants fofTI excited electronic statés.

State v’ To B’ D'x10* A(35-37° Sourcé
FlA 0 82 909.83) 5.16§12) 1.6(10) This work (e)
82 909.72) 5.1669) 1.4(8) This work (f )
82909.5 5.164 1.4 Ref. 32)
5.167 1.8 Ref. 321()
1 84 737.83) 5.05616) 1.0(17) This work (e)
84 737.83) 5.06817) 2.6(18) This work (f )
Vit 15 84 299.402) 2.14915) —5.4(17) 7.3 This work
84 298.2 2.166 —4.4 7.6 Ref. 32
16 84 663.52) 2.38715) 15.27) 7.5 This work
84 663.9 2.405 18 7.4 Ref. 32
17 84 952.®3) 3.26027) 31.4498) 6.1 This work
84952.3 3.252 34 5.9 Ref. 32
18 85 479.82) 2.22920) —45.928) 9.2 This work
85479.8 2.218 —46 9.4 Ref. 32
19 85 843.22) 2.13715 -6.917) 9.7 This work
85842.8 2.143 -4.9 10.0 Ref. 32

#Quoted uncertainties are one standard deviation in units of the least significant quoted digit.

bD35CI-D3Cl isotope splitting.

°For theF A state,e andf in parentheses denotes that the constants were determined by fits of lines termi-
nating in excitece andf levels, respectively.
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TABLE Ill. Measured transition wave numbers for tbranch lines of the BCl V 'S -X S+ (v',0)

bands
U ’

J’ 15 16 17 18 19
0 84 299.17 84 663.05 84 953.00 85 479.37 85 843.84
1 84 292.58 84 657.77 84 948.69 85473.35 85 836.38
2 84 279.76 84 645.60 84 939.41 85 460.95 85 823.48
3 84 260.74 84 627.36 84 926.04 85 442.90 85 804.03
4 84 235.47 84 602.92 84 908.16 85418.78 85 778.21
5 84 203.58 84 571.88 84 885.51 85 389.80 85 746.33
6 84 164.38 84 534.62 84 859.55 85 355.10 85 708.05
7 84119.18 84 490.48 84 822.98 85 316.13 85 663.61
8 84 068.65 84 440.75 85 277.26 85613.01
9 84 013.70 84 381.48 85 556.82

3Estimated uncertainties in the transition wave numbe@s3 cnit.

spectrunt>?*we searched for the correspondifig0) band, to the overlapping of several®Cl and 3*’Cl lines; in par-
whose origin is reported to be at 85 132 ¢hin the one- ticular, theQ(1) line of D**Cl is overlapped by th€(0) line
photon absorption spectrutiNo ion signals(parent or frag-  of D¥'CI.

men) assignable to this band were found. We scanned from We have measured the relative signals for detection of
the origin of theE—X (0,0) band[83 948.8 cm® (Ref. 24]  DCI™, CI', and D' ions for resonant ionization through the
to 86 000 cm*. Over this wave number range, we observedQ-branch lines of B°Cl at several UV laser pulse energies.
only V 13 *—-X 3% (v’,0) bands, withv'=15-19.(The vi-  In the absence of saturation effects in the two-photon exci-
brational numbering was determined from analysis of theation step, alignment in the ground state, and dissociation,
DCI emission and absorption spectfd) The transition the theoretical REMPI intensities for DChre given by

wave numbers for th&€-branches of these bands are re- _ R " P o

ported in Table Ill.(WeakS- andO-branch transitions were |=CIP@"JD/(2)"+ 1) ]a(0",0") S I ©
also observed, but the transition wave numbers of these linds Eq. (3), P(v",J") is the population of molecules in the
are not reported hepeThe derived origins and rotational v”,J” level, q(v',v") is the Franck—Condon factor,
constants for th& —X bands are given in Table Il. As can be
seen from this table, there is very good agreement of our
derived constants with those reported by Douglas and
Greening®? From our signal-to-noise ratio, the REMP! inten-

. V-X{140Q
sity of the unobserve—X (1,00 band must be at least an - 1|€~>f(0,|0)<|2 3
order of magnitude smaller than the intensities of the adja- L B -
cent observed/ —X bands. (a) D35CI+/37Cl*
B. Intensity factors in the E-X (0,0) band .
Previous REMPI experiments have shown that ioniza- ; ;
tion of HCI throughQ)’=0" states leads to extensive frag- (b) 35CI+
mentation, yielding both parent HCland fragment Cl and
H™ ions3242°|n a similar fashion, we find that fragmenta-
tion also occurs for resonant ionization of DCI through its

E 13" state. Figure 1 shows the REMPI spectrum of the

E—X (0,0) band, with detection of the DCJ CI*, and D (c) DY
ions. We see that the relative intensities of Qebranch l i ‘ I
lines are similar in the three ion channels. Beydfig 9, the

Q-branch is obscured by thé-X (14,0 band, which occurs 83750 83800 83850 83900 83950
slightly to the red of thee—X (0,0) band. 2-photon wave number (cm™?)
In Fig. 1, the DCI and CI' ion signals are comparable

In Intensity, _vvhHe thqse for D ions are somewr;at ;maller. FIG. 1. REMPI spectrum for a thermal DCI sample showing the
We also notice that lines of both the’@l and D'Cl isoto-  E 'S *—Xx 1S * (0,0 band detected in th@ m/e=37 (D*CI* and¥CI*),
pomers are observed in the DChnd D' ion channel§m/e (b) m/e=35 (CI*), and(c) m/e=2 (D*) ion channels. The ordinates in all
— : — ; three panels are plotted with the same scaling. The UV laser pulse energy

37 anq 2, reSpeCtI\./e)}'/FO.r m/e % these arise fromCTthe was 1 mJ. TheQ-branch lines of the BYCl and D’'Cl isotopomers are
parent lon through ionization of ©Cl and from the indicated. TheQ-branch of theV—X (14,0 bandhead of BCl is also
fragment ion produced from ¥CI. Unfortunately, this leads marked.
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S(J',J") is the two-photon rotational line strength facffr, .
andC is av’,J’'-dependent apparatus constant which is pro- 11 (2
portional to the square of the laser intensity, the absorption 0.8
cross section, and the quantum yield. The quantum numbers
v"” andJ” denote the vibrational level and total angular mo-
mentum in the ground state, whil¢ andJ’ are the corre-
sponding quantities in the resonantly excited state. 0.2

The line strength factors for th®-branch of a>—3
transition can be written as

C(DCI%)

(0.5 mJ) x 4

: (4)

&

So(3',3")=(23"+1)| 1+ (¥ u?) g
A

J"(23"+1) E

g

Q

X 520 —1)(20"+ 3)

where (u2/u?) is a ratio of transition dipole moments, in the
notation of Kummel, Sitz, and Zafé.The factor 2/ u?)
may be estimated by comparing the ratio of the intensities of

the Q(2) andO(2) lines. For anO-branch transition, the FIG. 2. The apparatus consta@g defined in Eq(3)] for REMPI'detection
. of the Q-branch lines of the BYCl E—X (0,0) band, with 0.5(circles and
line strength factor equals dotted line$ and 1 mJ(squares and solid ling&JV laser pulse energiesa)
presents the empirical correction factd@s The values for 0.5 mJ pulse

S 3J'(J'-1) energy were multiplied by 4to correct for an assumed quadratic energy
So(J",3") = (el 1) 1027 =12 +1) (5) dependendeand normalized to unity fod’ =8. (b) presents ratios of th€
0( )( +1) factors for detection of Clvs DCI* (solid symbol$ and for detection of D

vs DCI* (open symbolsat 0.5 and 1 mJ pulse energy.
Unfortunately, theO(2) line of D**CI [at 83916.5 cmt!

(Ref. 24] in the m/e=37 channel is obscured by ti@(3) ) . o
line of D°'CI (see Fig. 1 Instead, we have compared the €N€rgies are almost superimposable, indicating that the par-

intensities of theQ(2) andO(2) lines for3CI* detection. ent ion signals do scale with the square of the laser pulse

This ratio equals 639 and 416 for UV energies of 0.5 and ©€N€rgy under our conditions. _
1 mJ, and from Eqs(4) and (5) we obtain (uzl,u-2)=0 42 Figure Zb) shows that ion fragmentation occurs much
, o i .

and 0.64, respectively. These values are similar to the ratif?0re readily for lowd levels thca]n for highs levels of DCI.
previously reported by Spiglaniet al® for the HCI E—X Indeed, forJ=<4, the fragment Cl signal is greater than that

(0,0) band[(u2/ x2) =0.38]. In fact, because the second term for tbe_parent_ ion. We also see that the ratio of thé @
in the square brackets in EG) is small compared to unity, DCI S|g_n_als is mdependent of the laser pulse energy under
the actual contribution of this term t8y(J',J”) is small the conditions investigated. In contrast, the fragmentsiy-

(<5%). We have used the valug:./x2)=0.42 for the cal- nals are significantly smaller than the corresponding parent
culation of these line strength factorsl. ion signals; moreover, the Dsignal is considerably reduced

Since the DCI sample in our experiment has a roomat the lower laser pulse energy.
temperature rotational state distribution, we may use(8xq.
to calculate the apparatus const@nfor REMPI detection of
either parent or fragment ions through t@ebranch lines.
Figure 2a) presents the measured relative apparatus constant In previous studies with room-temperature sampfést,

C for REMPI detection of B°Cl™ using theQ-branch of the was found that the intensities of the HE-X and E—X
E—-X (0,0) band. In Fig. 2b) are plotted the ratios of the ion transitions deviate from the values expected for a Boltzmann
signals for the detection of the fragment iq@@® " or D*) vs  population, suggesting the existence of predissociative loss
the parent DCI ion signal for these two laser pulse energies.mechanisms. We report here similar behavior for heX

For both the DCI and D' ion channels, we dealt with the (0,0), F—X (1,0), andE—X (0,0) bands of DCI, displayed as
overlap of theQ(1) line of D**CI by theQ(0) line of D*’CI  “Boltzmann plots” in the top panels of Figs. 3—-5, respec-
by subtracting an estimated contribution from the lattertively. For this isotopomer, the intensity loss due to predis-
based on the ratio of the®C| and D’’Cl signals observed sociation increases monotonically for both bands offtheX

for higherJ levels. transition, while for theE—X (0,0) band the intensity loss is

We normally expect the ion signals to scale as the squargreatest for small. Empirical correction factors were calcu-
of the laser pulse energy, if the two-photon excitation step isated by equating the experimental parent ion signals with
not saturated and the ionization step is saturated. To facilitatthe Boltzmann populations dt'=3 for the F—X bands and
comparison of the apparatus factor at 0.5 and 1 mJ, we muhkt J"=8 for the E-X band. These results are listed for the
tiplied the signals at the lower laser energy by 4. We see ifr—X bands in Tables IV and V. In determining the ion in-
Fig. 2(a) that the energy-scaled facto@s for the two pulse tensities for these bands, the laser energy was kept below 0.5

C. Rotational intensity anomalies in the HCI| and DCI
REMPI signals

J. Chem. Phys., Vol. 105, No. 23, 15 December 1996
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FIG. 3. The DCIF “A—-X *X™ (0,0 transition.(Top panel Boltzmann plot FIG. 4. Same as Fig. 3, for the DEI 'A—X S (1,0) transition.

of the apparent rotational populatiof@btained by dividing the experimen-
tal parent ion signal by the rotational line stren@h The line indicates the
population for a 300 K thermal distribution, divided by t#)"+1) degen-

eracy.(Bottom panel Plot of the intensity anomaly v&'(J’'+1). The filled 1 L .
circles are the average of the, Q-, andR-branches. The curve is a least Only 37 cm* apart, and excitation throth the state is

squares fit, calculated according to the model described in the text. observed to lead to exclusive formation of parent ions. We
have compared the relative intensities, for excitation through
theR(1) lines, of the respective bands of these isotopomers.
mJ/pulse; at higher energy, saturation begins to set in, anlh this study, HCI or DCI was bled in separate runs through
the intensity on theR(1) line starts to become depresseda leak valve into the ionization-extraction region of the
relative to the intensities of the other lines. TOFMS. The HCI and DCI pressures were determined with
Liyanage et al® presented previously a “Boltzmann an ionization gauge, which was assumed to have the same
plot” for the HCI F—X (0,0) transition. Empirical correction calibration factor for both isotopomers. Between these runs,
factors C for the HCI F-X (0,0) and (1,0) transitions are the glass gas-handling manifold was evacuated with a diffu-
listed in Tables VI and VII, respectively. THe factors were  sion pump, and the walls were passivated.
normalized in these tables by equating the experimental par- The measure®(1) ion signal intensities were measured
ent ion signals with the Boltzmann populations)a:12 and and converted into apparatus detection faciGr§see Eq.
5 for the(0,0) and(1,0) bands, respectively. For comparison (3)] by taking into account the fraction of the total concen-
with the corresponding DCI transition, we present in the toptration of each isotopomer in th¥'=1 rotational level. We
panel of Fig 6 a “Boltzmann plot” for the HCIE—X (0,00  plot in Fig. 7(a) the relative values of the fact@r for H3CI*
transition. As noted previousRave see that the intensity loss and D°CI™ detection as a function of the square of the UV
increases with increasing rotational energy. laser pulse energy, for equal partial pressures of HCI and
DCI. We see that the HCI* ion signal from ionization of
HCI scales as the power squared up to 1.3 mJ, the highest
pulse energy investigated. In contrast, thé°@" signal
The most convenient transitions with which to comparefrom ionization of DCI demonstrates the onset of saturation,
the relative concentrations of HCI and DCI are their respecas noted in the previous section, and falls below this scaling
tive F—X (0,0) bands since the origins of these bands ardaw at pulse energies slightly less than 1 mJ. Figufie 7

D. Comparison of HCI and DCI REMPI sensitivities
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TABLE IV. Correction factord for the D?°CI F *A—X 3% (0,0) band.

o -
_ J’ C(P) C(Q) C(R)
* 0
Q-1 1 0.990
= 2 0.995 1.112
5 3 0.994 0.772 1.107
o 4 0.735 0.949 1.099
£,L 5 0.606 0.888 1.173
6 0.615 0.989 0.908
. | | 7 0.607 0.817 0.858
o o w0 w oo om o ows
Ground State Energy ( cm” ) 10 0'.517 0.. 199 02271
11 0.314 0.294 0.371
2+ 12 0.183 0.464 0.466
13 0.197 0.671
14 0.635
- 15 0.946
b
=° aThe factorC, defined in Eq(3).
0 -
1 I 1 1 1 1 TABLE V. Correction factordfor the D°CI F 1A—X 3% (1,0 band.
0 20 40 60 80 100 120
J(J'+1) J C(P) C(Q) C(R)
100 2 1.000
1_+ .
_ & =5 2 0.808 0.900
o 80 (] 5
® 9z 3 0.986 0.999 0.996
P A vas) s, 4 0.971 0.752 0.779
g 60| v vua 'z 5 0.999 0.728 0.710
£ 6 0.859 0.651 0.554
© [ N J
5ol qgevec®® Ce 7 0.791 0.681 0.476
o Vg 8 0.557 0.742 0.539
£ 20f v g0 A 9 0.475 0.569 0.489
nonnQ o \v/ 10 0.435 0.466 0.583
0 | i L ) I 11 0.322 0.474
12 0.230 0.395

aThe factorC, defined in Eq(3).

FIG. 5. The DCIE '3 "-X 37 (0,0) transition.(Top panel Boltzmann
plot of the apparent rotational populatiofebtained by dividing the experi-
mental parent ion signal by the rotational line strengthThe line indicates
the population for a 300 K thermal distribution, divided by t#&"+1)
degeneracy(Middle pane) Plot of the intensity anomaly for th@-branch
vs J'(J'+1); the curve is a least squares fit, calculated according to the
model described in the textBottom panel Percent contributions of the
ES*, g%, andV 3" basis functions to th& 3" (v'=0) eigenfunc-

TABLE VI. Correction factord for the H°CI F *A—X 3% (0,0) band.

tions.

presents a plot of the ratio of the detection facGrior DCI
vs HCI as a function of the UV laser pulse energy. We see
that the detection sensitivity for DCI is significantly greater
than for HCI. In addition, because of the saturation of the
DCI™ ion signal, noted in Fig. (&), this ratio displays a
significant dependence on the laser pulse energy above 0.8
mJ.

In practice, it is often convenient to raise the laser probe
energy into the partially saturated regiffie0.8 mJ in Fig.
7(b)] in order to maximize the detected product signal. In-

¥ c(P) c(Q) c(R)
0
1 0.573
2 0.812
3 0.778 0.623 0.500
4 0.577 0.444 0.419
5 0.405 0.365 0.385
6 0.373 0.334 0.391
7 0.300 0.313 0.392
8 0.319 0.324 0.573
9 0.347 0.280
10 0.664 0.911
11 1.019 1.055
12 1.020 1.000

deed, this was done in our recent studies of the DCI vs HCiThe factorC, defined in Eq(3).
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TABLE VII. Correction factor for the H°CI F *A—X 3" (1,0) band.

Dagdigian et al.: Detection of DCI by multiphoton ionization

1.54
J C(P) C(Q) C(R)
0 = i
1 0.893 &
2 0.282 0.774 051
3 0.762 0.687 0.999
4 0.908 0.703 0.999
0 T T T
5 0.861 1.000 0.857 5 " T e ;
6 1000 0805 0608 (laser pulse energy)Z (mJZ)
7 0.999 0.637 0.459
8 0.585 0.689 0.271 _ ! !
9 0.477 g e () -
L
®The factorC, defined in Eq(3). U§ 4] [
~
. Q
product branching in the @I(CH;);CD and CRQCH,CD; 2 2l L
reactions:>?’ Under these circumstances, it is important to &
ensure that the calibration of the relative detection sensitivi- o4 S r na

ties is carried out under similar conditions.

In[PE")/ (2J"+1)]

[1/1,1-1
N

100

80

60

40

20

State Character (% )

FIG. 6. Same as Fig. 5, for the HEI 13" -X 13 (0,0 transition.

0 200 400 600 800 1000
Ground State Energy (cm™)
o
1 I i i
0 20 40 60 80
J(J'+1)
® ez
® o’z
A vany s
1 +
v v(0) T, A A
. 0 @0 PS AN
A
| A D ®
$Goseede?
A v/ v
. Vv
1 1 ! 1 |
0 2 4 6 8 10
Jl

laser pulse energy (m])

FIG. 7. (a) Apparatus constant€ [see Eq.(3)] for REMPI detection
through theF—X (0,0) R(1) lines of H*®CI (circles connected by solid lings
and D®CI (squares connected by dashed lingdotted as a function of the
square of the UV laser pulse energy. For both isotopontmsas normal-
ized to unity for °Cl at 1 mJ pulse energy. The values®for H*Cl have

been multiplied by a factor of 4b) Plot of the ratio of theC constants for
D%Cl vs H*Cl as a function of the UV laser pulse energy.

IV. DISCUSSION

We have found for thé&e state of DCI that the ratio of
fragment(both CI" and D") to parent ion signals decreases
significantly with increasingl’. From the point of view of
detection of DCI in a reaction mixture, the observation of a
fragment ion, particularly D, in REMPI detection may be
advantageous. For example, a strong Gignal from non-
resonant ionization of a reagent, for examplg,@buld ob-
scure the observation of the parent ion, whereas detection of
D" might be cleaner because of its short flight time.

The formation of fragment ions in the wavelength range
we have probed requires the absorption of at least four pho-
tons. Green and Wallatehave discussed extensively the
processes which could lead to the formation of fragment ions
in the multiphoton ionization of HCI. They concluded that
for '=0" states above th¥ '3 ¥ (v’ =3) level, the most
likely process involves an indirect dissociation of three-
photon excited HCI to form ground and electronically ex-
cited atoms, which are then subsequently ionized by the ab-
sorption of one more photon,

HCI** —H+CI*(nl) (6a)

—H*(nl)+Cl, (6b)
H*(nl)+hv—H"+e™, (7)
C*(nl)+hv—Clt+e". (8)

The excited atomic states, in particular*(d=2) and
CI*(°D%23%, have been observed by photoelectron

J. Chem. Phys., Vol. 105, No. 23, 15 December 1996

Downloaded-21-Mar-2005-t0-131.193.195.198.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://jcp.aip.org/jcp/copyright.jsp



Dagdigian et al.: Detection of DCI by multiphoton ionization 10259

spectroscopy® At our experimental energies the only acces-  As discussed previously in detail for HEthe F A state
sible excited states are (h=2) and those derived from is coupled by non-Born—Oppenheimer interactions with pre-
Cl(3p*4s) and CI(3“*4p). Fluorescence measurementsdissociating excited states, which lead to a loss of ion inten-
have shown that the (H=2) product is a minor sity. For theF A state, this mixing is dominated by the
componenf?43 L-uncoupling operator, which mixes andII states,

The intensity anomalies in the REMPI spectra of HCI , "
and DCI can be understood by considering the competitioﬁF 2,0 =BIsL+I-L,)[C Iy v")
between the rates of predissociation and photoionization of = —B, ,b[I(I+ 1)—21Y2 (19
the excited stateSWe start by expressing the two-photon
excited state eigenfunction) as a linear combination of
interacting zero-order stat¢s),

whereas, for th& '3 state, it is governed predominantly by
an electrostatic interaction which mix&'3 " with v 13",

In addition, for theF A state, we must also consider spin—
orbit coupling to thef A, state, which in turn is coupled to

|‘1’>:2S CqlS). (9 the b %I, state by an expression equivalent to EbQ). In
Eq. (19 B, ,» is a rotational overlap integral,
The predissociation rate ¢#) is proportional to the squared B, ,o=(v'|h2/2uR2[v"), (20)

matrix element . . . -
andb is proportional to ani-mixing coefficient,
—n1/2
(W7 x) 2 S e+ 23, PogCaler(Keke) M2, (10) b=2"Cap. @)
s ss’ The (X 2I1)4p7 Rydberg statege.g., F *A and f 3A) can
H H 2 1 3 H
where 77 is the operator that couplé¥) to the continuum Interact with X “II)4so stateg(e.g.,C "Il andb “I1] only if
state|y), ks is the predissociation rate ¢f), and p.y is a 4502g1as some po character, with a mixing coefficient
phase factor equal ter1. In addition to predissociatings) Cap-

p
can also absorb another photon and ionize at aFataVe ~ 1hee °s" state plays only a minor role in the perturba-

define the ratio of dissociation to ionization rates as tion of theF andE states because it does not couple directly
to either of them(The matrix elements for the spin—orbit,

9s=Ks/T's. (11)  rotation, and electrostatic terms in the Hamiltonian coupling

these states are all zefd. Moreover, thee state is too re-
mote energetically from thé= state to interact with it
significantly?® Indirect coupling via spin—orbit mixing with

3 ) 1o thed I state was included in the calculation but had only a
It/l e 1= Es ngs+ 22 Psy CsCs’(gsgs’) ) (12) minor effect.

s,s’

The intensity anomalyi.e., the missing signal due to the
predissociation channetan then be written as

wherel, is the signal that would be obtained if the state wereA' F=X (0,0) transition of DCI

unperturbed, and, is the observedperturbed signal.[Note The F *A(v'=0) state of DCl(vy,=82 883 cm?) is

that if gs=0 (no predissociation thenl,;=1,.] perturbed by theb ®I1,(v'=4) state (v =82 750+300
We llustrate these results for the simple case of twocm %) via the L-uncoupling operator. Before evaluating the

interacting states, strength of this interaction, we must first take into account

the spin—orbit mixing ofF A with f %A, and C T with
b °I1,. The spin—orbit mixed states are given by
Whe_re|\If0> is a dlsprete state and) is a .d|ssc?0|at|.ve per- IF 1A,(0" =0)) =ay|F 1Ay(v' =0))°

turbing state. The intensity anomaly is given in this case by

|W)=c4|Wo)+cyld), (13

+a,|f 3A,(v'=0))°, (22)
i /le=1=c2g;+C50p+ 2p11C2(9192) V2 s 2T
Settingg,=0 for [¥) gives Ib 3 ,(v =4))' =by|C M, (v’ =3))°
l/1e—1=c2g,. (15) +b,lb 311, (v' =4))°, (23

Using first-order perturbation theory, we obtain fgrandc, ~ Wherea, anda, are estimatetf to be 0.88 and 0.47, arigh
andb, are estimated to be 0.8 and 0.6. In E@2) and(23),

C1=[1+(F1lAE)?] 12 (16)  the primes refer to spin—orbit mixed states and the super-
scripts O refer to zero-order states. Identifying
|F 2A,(v'=0))" with [¥o) and|b 31, (v’ =4))’ with |d) in

Cy,=Cq1. 712/ AE, a7 Eg. (13), we obtain

and

where. 77, is a matrix element of the electronic Hamiltonian . 7%;,=a;b.X(F *A,(v'=0)|-B(J,L_+J_L,)|
connecting states 1 and &E is the energy splitting of the
unperturbed states, an@’;,<AE. In this limit, we obtain

— 1/2, 1/2
I /lg—1=( 71,/ AE)?g,. (18) == 27Cupayb1Bod I(I+1)— 2], (29)

X C I, (v'=3))°
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where By 3 is estimated from Eq(20) to equal 1.23 cm’. 3.5 . ; r

The triplet part of thdF *A)’ wave function contributes very

little to .77, becausé 4 is small. Inserting Eq(24) into Eq. 30 .

(18), we obtain a reasonable fit of the intensity anomaly with

parameter<} g~5.4 for C 'II(v' =3), C5,0~13, B=4.7 25 .

cm 1, and a term energy of 82 990 ¢for b 3T, (v’ =4),

and p=—1, as shown in the bottom panel of Fig. [® is - 20F N

important to note that, as seen from H45), we cannot —

obtainC,, andg independently. = 15F }
Previously, we obtaine@3,g~60 for theC 'II(v' =2) =

state of HCP Assuming that the ionization rates and mixing 10+ l

coefficients for HCI and DCI are approximately eqfrathe , ]

much smaller value otflpg obtained for DCI implies a cor- 05

respondingly smaller predissociation rate for this molecule. 0.0 - |

This conclusion is qualitatively consistent with the larger ion

production efficiency of DCI shown in Fig. 7. It is also con- 05 L ! L

sistent with the one-photon spectra of Tilfoed al,?® in 0 25 50 75 100

which theC TI(v’ =3)—X transition of DCl is rotationally JWJ'+1)

resolved, whereas th@ 'I1(v’ =2)« X transition of HCl is

not. FIG. 8. Intensity anomaly for the HG® *A—X 3% (1,0) transition. The

filled circles are the average of tiie, Q-, andR-branches. The curve is a

B. F—X (1!0) transition of DCI least squares fit, calculated according to the model described in the text.

The analysis of th€& *A(v'=1)—X 37 (v”"=0) tran-
sition is similar to the correspondin@,0 band, except that
here the interaction is between thgv'=1, v,;=84 735
cm ) and C(v'=4, 1y,;=84 941 cm?) spin—orbit mixed
states. Here we identiffi’;) with

that HCIF 1A2, v'=1) dissociates more slowly than
DCI(F A,, v'=1). (This is opposite the usual isotope de-
pendence and is further evidence of a special predissociation
mechanisn).

|F1A,(v'=1)) =ay|F 'A,(v'=1))°
+ay,|f 2A,(v'=1))°, (25)

D. E-X (0,0) transitions of DCI and HCI

As shown in the middle panels of Figs. 5 and 6 for DCI
and HCI, respectively, theld’ dependence of the
and|d) with E 3% (v'=0)—X 37 (v"=0) intensity anomaly differs

qualitatively from that of the=—X transitions. For HCI the

|C M, (v’ =4)) =by|C I, (v =4))° intensity anomaly of th&—X transition increases monotoni-

cally for J’>4, while for DCI it decreases smoothly with

+b,lb *II1(v'=5))°, (26)  increasingd’. The E state is perturbed mainly by electro-

static interaction with different vibrational levels of the
in which a;~0.88,a,~0.45,b;~0.8, andb,~0.6. The best V13" state and spin—orbit mixing with thg 33, state.
fit to the data was obtained f&@3,9,~50, where for sim- Since theV state is also mixed with othed=0" states, a
plicity we assumed that this quantity is the same for both theeomplete deperturbation requires diagonalization of the
b andC states. As seen in the bottom panel of Fig. 4, the fitHamiltonian connecting all interacting vibronic stat&$ in
was not as good in this case. A possible cause for this poordetal). Such an analysis will be deferred to a future publica-
fit is that we assumed a common valueggffor all perturb-  tion.
ing states, whereas in fact the ratio of ionization to dissocia- Here we show that a truncated analysis, that includes
tion rates is probably state-dependent. only four vibrational levels of the/ !S* state andy’=0 of
theg %3, andE 3™ states, is sufficient to explain the main
features of the intensity anomaly. For HCI, the levels in-
cluded werev’'=8-11 (y,,=82 226, 82 839, 83433, and
84207 cm?), and for DCI the levels were'=12-15

The F 'A(v'=0)—X 37 (v”"=0) transition in HCl (15=82 942.2, 83 389.4, 83 739, and 84 298 ¢in Param-
has already been analyzed in Ref. 5. Thd) transition can eters in the Hamiltonian include the term values, rotational
be similarly analyzed in terms of an interaction betweenconstants, and rotational distortion constants of the unper-
FIA@W'=1, 1y,=85363 cml) and b3l(v'=4, turbed electronic states, spin—rotation and spin—spin cou-
10;=85 162300 cmi'l). In this case, . 7;, has non- pling constants for thdS~ state, spin—orbit interaction con-
negligible contributions from both singlet and triplet states.stants between th& ~ state andv 'S* andE '3, and the
A reasonable fit was obtained f@ﬁp92~6.3, as shown in electrostatic interaction energy between thandE states.
Fig. 8. The smaller value of this quantity for HCI indicates The Hamiltonian was diagonalized, with the unknown pa-

C. F—X transitions of HCI
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rameters optimized by a least squares fit to the term values df -dependent intensity loss in the ion yield. TBestate, on
all the observed rotational levels. From the eigenfunctions othe other hand, is mixed with a bound singlet valence state.
the Hamiltonian, we determined the fractional contributionsAbsorption of a third photon produces a superexcited state
of the zero-order states to the perturbed wave function.  which can either autoionize or predissociate, with the first
The results of this inversion are plotted in the bottomprocess deriving from the zero-order Rydberg character of
panels of Figs. 5 and 6. The key to understanding the interthe eigenstate and the second from the valence character. An
sity anomaly is the contribution of the state to the total analogous situation exists in the multiphoton ionization of
wave function. Since the electronic configuration of this statehe Na molecule. The éﬂg state can absorb a photon at its
is ono* =(A 23 7)3pa*, direct ionization to produce the inner turning point to form the molecular ion, or it can ab-
ground state ion configuration?=*=X 2I1, involves a two-  Sorb a photon near its outer turning point to reach a disso-
electron chang® which is forbidden to first order. By con- ciative state that yields NaNa". The ratio of atomic to mo-
trast, the configuration of the unperturb&d'S " Rydberg lecular ions can be controlled by varying the delay between
state is (02773)4p77, and promotion of only one electron the pump laser, which populates théﬂ?g launch state, and
(4p7) to the continuum is required to yield th¢?[I ion  the probe laser, which populates the superexcited Hate.
core. Although the/ state cannot be ionized by a one-photon
process, ican be promoted to a predissociated superexcitedCKNOWLEDGMENTS
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