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Chapterr  3 

Resonancee enhanced multiphoton ionization (REMPI ) and 

REMPI-photoelectronn spectroscopy of ammonia 

Abstract t 

Resonancee enhanced multiphoton ionization (REMPI) spectroscopy, preferably linked with 

kineticc energy analysis of the resulting photoelectrons (REMPI-photoelectron spectroscopy 

(PES)),, continues to make enormous contributions to our understanding of the spectroscopy 

and,, in many cases, the decay dynamics of small molecules in excited (normally Rydberg) 

electronicc states. Here we present results of recent REMPI and REMPI-PES studies involving 

thee ammonia molecule which provide further illustration of some of the many opportunities 

offeredd by these techniques. 
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3.11 Introductio n 

Resonancee enhanced multiphoton ionization (REMPI) spectroscopy is now well-

establishedd as a valuable method for investigating the structure and, in favorable cases, the 

decayy dynamics of many of the more long lived excited electronic states (most notably 

Rydbergg states) of small and medium sized gas phase molecules [1]. Additional information 

(forr example, structural data for the resulting ions and/or insight into molecular 

photoionizationn dynamics) can be obtained when the REMPI method is combined with kinetic 

energyy (KE) analysis of the accompanying photoelectrons - a technique normally identified 

withh the name REMPI-photoelectron spectroscopy (PES). The present work highlights recent 

REMPII  and REMPI-PES investigations of the ammonia molecule as a means of illustrating 

manyy of these strengths [2]. Ammonia has a pyramidal (Cjv) equilibrium geometry in its 

groundd state, with an electronic configuration most usually written as: 

(MYfaYfayfaf;(MYfaYfayfaf; X'A;. CD 

Excitedd states arising as a result of electronic promotion from the highest occupied la" lone 

pairpair molecular orbital all have planar (Z) )̂ equilibrium geometries. This, and the modest size 

off  the potential barrier to inversion in the ground state, justifies description (as above) of the 

groundground state configuration in terms of D  ̂ symmetry labels. 

Thee excited electronic states of ammonia have been the subject of many previous 

experimentall  and theoretical studies, addressing their spectroscopy, their complex 

predissociationn pathways and, in some cases, their detailed photochemistry. Much of the 

earlierr spectroscopic work involved conventional ultraviolet (UV) and, particularly, vacuum 

ultraviolett (VUV) gas phase absorption measurements of the vertical electronic spectrum [3-

6].. The congested nature of these spectra, however, precluded many definitive assignments. 

Thee congestion arises, in part, because each electronic transition appears in the form of a long 

vibronicc progession associated with excitation of the out-of-plane mode v'2 (an inevitable 

consequencee of the Franck-Condon principle and the planar <- pyramidal geometry change 

thatt results upon electronic promotion from the la" orbital), but is compounded by the 

spectrall  line broadening due to predissociation of many of these excited states. Our current 

levell  of understanding is to a large extent a result of the introduction of REMPI spectroscopy, 

alliedd with jet-cooling techniques, and the seminal work of Colson and et al. [7,8]. They 
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 Figure 1 

DiagramDiagram showing observed and/or predicted members (with n < 5) of the first few Rydberg 

seriesseries of ammonia. State labels (following Refs. [2,8]) and symmetries are shown, along with 

thethe appropriate value of the principle quantum number, n. 

recordedd and compared the three-photon REMPI spectra and the VUV absorption spectra of 

bothh NH3 and ND3 over the wavenumber range ~ 62500 - 80000 cm"' and provided what, at 

thee time, was the most complete global description of the electronic spectrum of ammonia. 

Muchh of the subsequent work has been concerned with extending and refining parts of this 

spectroscopicc analysis and/or with detailed analysis of the predissociation mechanisms 

affectingg some of the lower lying Rydberg states. 

Thee small size and high symmetry of ammonia has encouraged description of its 

molecularr orbitals within the framework of an appropriate united atom (neon), split by a field 

off  D3h symmetry. Al l documented excited electronic states fit  within such a model, involving 

electronn promotion to an orbital with principal quantum number n > 3; all are thus regarded as 

Rydbergg states. Figure 1 illustrates the lowest energy part of the pattern of states predicted by 

thiss model. For clarity, only states derived from orbitals with n < 5 and t < 3 are shown; 
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Rydbergg states involving orbitals with higher n should exhibit the same energetic pattern, 

whilstt states derived from higher I functions are not considered further because of their 

presumedd inaccessibility via a two-photon excitation (such as considered here) from an initial 

orbitall  possessing hybrid s/p character [1]. 

Thee spectroscopy and photochemistry of the first excited A]A' (2sa[ «-la") s t a te OI* 

ammoniaa has been the subject of much attention. The 298 K NlTj^-A" ] absorption 

spectrumm shows vibrational (a progression in v2) but no rotational fine structure; the 0° and 

2{,, bands of the corresponding system inND3 do exhibit some resolvable rotational structure 

[4].. Our present understanding of this efficient predissociation process (kpredissociation ~ 1012 -

10133 s*1) derives from a number of sources: rotational state lifetimes and decay rates deduced 

fromm simulation of individual A <— X vibronic band contours [9,10] and from direct 

linewidthh measurements of fully resolved rovibronic transitions revealed by double resonance 

methods,, e.g. by stimulated emission pumping (SEP) following multiphoton preparation of 

C'C' state molecules [10,11] or in microwave-optical double resonance experiments [12]; ab 

initioinitio  calculations of the A state potential energy surface [13]; and measurements and 

modelingg of the energy disposal [14,15] and the recoil velocity and angular momentum vector 

correlationss [16,17] in the NH2 photofragments. Taken together, these studies now afford a 

remarkablyy detailed picture of the photofragmentation dynamics of A state ammonia 

molecules,, which have been summarized elsewhere [18,19] and will not be discussed further. 

Thee 3pe' <— \a\ and 3pa"2 <— \a\ electronic promotions give rise to the B]E"~X]A{ 

andd C'x A[ -Xx A[ systems, respectively. Members of the 2£ vibronic progression associated 

withh the former transition have been identified, in both NH3 and ND3, via VUV absorption 

spectroscopyy [3,20,21], but our detailed understanding of the B state has been much 

enhancedd by two-photon REMPI spectroscopy studies both under beam conditions [22] and, 

withh sub-Doppler resolution, in the bulk [23]. Several rotationally resolved double resonance 

studies,, in which B state levels associated with excitation of one quantum of each of the 

doublyy degenerate vibrations V3 and V4 (built on a progression in V2) were populated 

followingg initial excitation of molecules into selected rovibrational levels of the X [24-26] or 

AA [27,28] states have helped clarify the extent of Jahn-Teller distortion affecting the B]E" 
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statee and prove that the historically labeled C - X system of ammonia actually involves a 

vibronicc component of the B state. The C'XA[-XXA[ system has negligible oscillator 

strengthh in the one-photon spectrum but shows as a well-resolved progression (in v'2), 

interspersedd among the various B-X features, in both two and three-photon REMPI 

[7,29,30].. Double resonant multiphoton excitation, via the A state, has provided one route to 

identifyingg the C' state symmetric stretching mode (v'i) in both NH3 and ND3 [27]. The 

formerr was also identified in one of the first REMPI-PES studies of jet-cooled NH3 molecules 

[31].. Picosecond pump-probe REMPI-PES studies have allowed real time observation of the 

decayy of selected vibronic levels of both the B and C' states [32]. 

Progressingg to higher energies, the spectrum of ammonia becomes ever more complex, 

reflectingg the increased electronic state density (see Fig. 1) and the consequent increase in 

Franck-Condonn accessible vibronic levels as we approach the first ionization limit (IE = 

821599 cm"1 in the case of NH3 [33]). The availability of rotationally "cold" spectra, obtained 

usingg jet-cooled samples, has been essential in unravelling a significant part of this congested 

levell  structure. Li and Vidal [21] identified a 2"0 vibronic progression in the VUV excitation 

spectrumm of both NH3 and ND3 by monitoring either fluorescence from the fraction of NH2 

(ND2)) photofragments that are formed in their excited A2Ax state or parent ions that result 

fromm absorption of a visible photon by the VUV prepared state (i.e. 1+1' two color REMPI); 

rotationall  analysis shows that this progression must be associated with the D E ' -X A\ 

(3de'<-(3de'<- la") transition. Parallel analysis of VUV absorption spectra and/or 3+1 REMPI 

spectroscopyy [8] indicate that another member of the 3d <— la*  complex (the D"]A"-X 

transition,, associated with the orbital promotion 3da\ <- la*), has its electronic origin in the 

samee energy region, as do the DAA\-X (Asa\*-\a\) and DmiE"-X (4pe' <-la") 

transitions.. Energetic considerations dictate that the "missing" E"(3de' <- la^) excited state 

mustt also lie in this energy range but it remains to be identified. The situation at still higher 

energiess becomes ever less complete. Virtually all recent progress [2,34] has come from 2+1 

REMPII  spectroscopy, much of it in conjunction with REMPI-PES studies similar to those 

reportedd here. In the remainder of this paper we will concentrate on a number of illustrative 
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exampless involving the ammonia molecule which serve to demonstrate various of the merits 

(andd some of the remaining limitations) of the REMPI and REMPI-PES techniques. 

3.22 Experimental 

Resultss described herein were obtained using two complementary experimental set-ups: 

inn Bristol, a home-built time-of-flight (TOF) mass spectrometer was used to record mass 

resolvedd REMPI spectra of jet-cooled NH3 and ND3 molecules and fragments arising from 

theirr photodissociation, whilst in Amsterdam REMPI-PES studies were performed using a 

"magneticc bottle" spectrometer. Both experiments have been described previously [2,35] and 

thuss only brief descriptions of the apparatus and procedures are presentedd here. 

REMPII  spectra were recorded in Bristol using a pulsed nozzle to introduce NH3 or ND3 

(5%% mix seeded in ~ 1 atm Ar) into the source region of a home-built TOF mass 

spectrometer.. The gas pulses were crossed by the focused (f.l. 30-50 cm) frequency doubled 

outputt of a tunable Nd:YAG pumped dye laser. Ions formed by REMPI in the source region 

weree subjected to two stages of acceleration prior to entering a field-free drift region and were 

detectedd by a pair of chevron-configuration microchannel plates. The resulting signal was 

accumulatedd by a digital oscilloscope and downloaded to a computer via a GPIB interface for 

subsequentt analysis. To obtain mass selected REMPI spectra, the dye laser was scanned and 

onlyy that part of the total ion signal that fell within a narrow time window centered on the 

TOFF of the mass of interest was collected, averaged, and stored. Wavelength calibration (in 

thee visible spectral region) was achieved by recording the optogalvanic spectrum of neon 

excitedd in a hollow cathode discharge simultaneously with the REMPI spectrum of interest. 

REMPI-PEE spectra were obtained in Amsterdam using an XeCl excimer pumped dye 

laserr system with the laser output focused (f.l. = 2.5 cm) into the ionization region of a 

magneticc bottle photoelectron spectrometer. These experiments employed an effusive beam of 

puree NH3 or ND3 vapor. This was intercepted at right angles by the focused laser beam, and 

photoelectronss resulting from each laser pulse were extracted along the third orthogonal axis 

intoo the spectrometer. The measured times of arrival of the photoelectrons at a pair of MCPs 

situatedd at the end of the 50 cm flight tube were used to determine electron kinetic energies. A 

transientt digitizer, interfaced to a PC, recorded pre-amplified output signals from the 

microchannell  plates. Kinetic-energy-resolved photoelectron spectra were obtained by 

progessivelyy stepping the retarding voltage on a grid in the flight tube and, at each voltage 

setting,, performing a time-to-energy transformation on just the slowest (i.e. highest 
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resolution)) part of the TOF spectrum, with a resultant 15 meV (FWHM) resolution at all 

kineticc energies in the present experiments. To place the photoelectron kinetic energies on an 

absolutee scale, the ammonia sample was doped with xenon and well-documented REMPI 

transitionss terminating on the two spin-orbit states of the Xe+ ion were then used to calibrate 

thee REMPI-PE spectra. Some wavelength-resolved REMPI spectra were also recorded in 

Amsterdamm by measuring both the total and selected energy portions of the photoelectron 

yieldd as a function of excitation wavelength. 

3.33 Results and discussion 

Figuree 2a shows a mass resolved 2+1 REMPI spectrum of jet-cooled ND3 (monitoring 

justt parent ions with m/z 20) recorded using linearly polarized laser radiation at wavelengths ~ 

2922 ran. Given previous analyses [3,21-23] of lower 2"0 members of the B-X two-photon 

transitionn inNH3 and ND3}  and the fact that the B-X electronic promotion is known to be 

carriedd exclusively by the T?(A) component of the two-photon transition tensor [22,23], it is 

aa relatively straightforward exercise to show that this particular spectrum involves a XEK-A\ 

vibronicc transition, originating from the lower (0+) inversion level of the ground state. Thus 

wee can conclude that the 2" level resonant at the two-photon energy involves an even number 

off  out of plane bending quanta; the band origin and rotational constants returned in the best-fit 

simulationn of the spectrum (Fig. 2b) are consistent with assignment in terms of 2+1 REMPI 

viavia the B, v'2 =12 state. Figure 2c shows a simulated two-photon spectrum using the same 

spectroscopicc constants for the lower and upper states, but assuming the spectrum to arise as a 

resultt of a XE'-A\ vibronic transition (as would be the case if the resonance enhancing B 

statee level had odd v'2 quantum number and the transition thus originated from the 0" 

inversionn component of the ground state). This provides a much inferior reproduction of the 

relativee line intensities appearing in the experimental spectrum (reflecting the different 

nuclearr spin statistics associated with the J" levels contributing to the K' = 0 sub-bands that 

originatee from lA[if)*)  and '^"(o-) vibronic states [21]) and serves to highlight the level of 

detaill  and accuracy achievable with the "traditional" methods of molecular spectroscopy in 

casess where it is possible to observe and analyze the rotational fine structure associated with 

ann isolated vibronic transition. 
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 Figure 2 

(a)(a) 2+1 REMPI spectrum of ND3 obtained using linearly polarized laser radiation and 

monitoringmonitoring the yield of ions with m/z 20, as a function of wavelength over the range 292.68 -

291.55291.55 nm (2v = 68315 - 68580 cm'1), (b) Simulated two-photon excitation spectrum of this 

B-XB-X 2Q2 band obtained using literature values (Ref [39]) for the ground state contants, 

thethe following excited state parameters: v0 = 68446.20(3) cm', B = 3.526(5) cm'1, C = 2.84(1) 

cm'cm'11,, 4=0.784(6) and fixing qv and the distortion contants to 0- determined by least squares 

fittingfitting in terms of the appropriate symmetric top Hamiltonian (Ref [22]), a transition 

linewidthlinewidth of 0.9(1) cm' (assumed Gaussian and largely determined by the laser bandwidth), a 

rotationalrotational temperature of 40 K, and assuming the transition to be carried solely by the Tj (A) 

componentcomponent of the two-photon transition tensor; (c) shows the corresponding simulation that 

resultsresults if we use the same spectroscopic constants but assume the spectrum to be due to a 

11E'-E'-11 A\ vibronic transition (as would be the case if the resonance enhancing B state level 

hadhad odd v'2 quantum number and the transition thus originated from the 0" level of the 

groundground state). 

Turningg now to consider the corresponding B - X 2 J,2 band in the 2+1 REMPI spectrum 

off  NH3 we begin to see some of the potential problems from spectral overlap, even in jet-

cooledd spectroscopy. As Figure 3 shows, the B - X 2|,2 band falls on the low wavenumber 

sidee of a more intense feature. Given the simplification afforded by jet-cooling and 

knowledgee of the pattern of vibronic structure appearing at lower wavenumber [2,8,21], 

interpretationn of this spectral region presents no real difficulty: the more intense feature can 

bee assigned to the C'-X 2*  band. Both this assignment, and that of the B- X 2J,2 band, 

cann be confirmed by REMPI-PES measurements of the kind described below. The 

accompanyingg band contour simulations are, of necessity, somewhat approximate since both 

excitedd states are predissociated [29,30] to the extent that lifetime broadening precludes 

resolutionn of individual lines. Ground state spectroscopic parameters used in their 

constructionn were taken from Urban et al. [36], whilst excited state parameters used were as 

follows:: B-X 2[2: v0=  71315(1) cm*1, B'= 5.43(6) cm"', C'= 5.9(1) cm"1, £ = 0.58(6), 

withh qv and the centrifugal distortion constants fixed at 0, and a transition linewidth © = 5.7(3) 
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(a)(a) 2+1 REMPI spectrum of jet-cooled NH3 recorded using linearly polarized laser radiation 

andand monitoring just those ions with TOF appropriate to m/z 17, over the wavelength range 

281.21281.21 - 278.47 nm (2v = 77700 - 71800 cm'1), (b) Approximate simulations showing the 
"~~ r-^, O ~ ~^ I T 

relativerelative extents of the two overlapping C - X 2Q and B - X 20 band contours (see text 

forfor further details). 



KEMPIKEMPI and REMPI-PES of ammonia 23 3 

cm"11 (assumed Lorentzian, and largely determined by the short excited state lifetime); C'-X 

2\:2\: v0=  71483(2) cm"1, 5 = 8.1(2) cm"1, C= 5.7(3) cm"1. The best-fit rotational temperature 

inn each case was Trot = 40 K. The C' - X 2* band contour simulation assumes contributions 

fromm both the T°(A) and TQ(A) components of the two-photon transition tensor (relative 

amplitudess 1.0:0.8) and that the C' 28 excited state lifetime shows a rotational level 

dependencee whereby the transition linewidths (assumed Lorentzian) vary according to the 

relationshipp [2,22,37]: 

{ll + a[j'(J' + l) + bK'2]}, (2) 'J'K ''  - w 0 

withh (D0 = 3.9(2) cm"1, a = 0.7(2) and b =  -1. 

Spectrall congestion and blending, in many cases exacerbated by lifetime broadening, 

becomee ever more problematic at higher energies. By way of illustration, consider the portion 

off the jet-cooled NH3 REMPI spectrum shown in Figure 4 and, in particular, the features at 

22 v ~ 78140 cm*1 and ~ 78495 cm'1 (shown on an expanded scale in the two insets). REMPI-

PESS holds the key to definitive assignment in such situations. The Rydberg state (or states) of 

interestt typically have the same core configuration as the ionic state that lies at the 

convergencee limit of the series to which they belong {i.e. that of the ground state ion in this 

case).. Thus the final NH3 <~ NH3(Rydberg) ionizing transition(s) will be between states 

havingg very similar equilibrium geometries. In such cases, we should anticipate that the 

dominantt Franck-Condon factor will be for the final one-photon ionization step in which all 

vibrationall quantum numbers are conserved {i.e. Av = 0). This is nicely illustrated by the 

REMPI-PEE spectra shown in Figures 5 and 6. The former, obtained following excitation of a 

roomroom temperature NH3 sample at (a) 286.84 nra (2 v = 69709 cm"1), (b) 279.20 nm (2 v = 

716155 cm"1) and (c) 275.56 nm (2v = 72560 cm'1), arise as a result of 2+1 REMPI via the 

1!23,, 1!25 and l ^ 6 vibronic levels of the C' state, respectively. The C'-X \\l\, \\2\ and 

\\l\\\l\  bands appear only weakly in the parent two photon excitation spectrum, but are 

relativelyy free from overlap, and thus give "clean" photoelectron spectra (Fig. 5) each of 

whichh is dominated by a single peak appearing at a kinetic energy wholly consistent with an 

ionizationn step in which both the vi and V2 quantum numbers are preserved. Lower members 
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<<  Figure 4 

2+12+1 REMPI spectrum of jet-cooled NH3 recorded using linearly polarized laser radiation and 

monitoringmonitoring just those ions with TOF appropriate to m/z 17, over the wavelength range 258.0 

-- 254.0 nm (2v= 77490 - 78720 cm'1). This spectrum is a composite, obtained by splicing 

togethertogether two spectra. Although some adjustments were made to avoid serious discontinuities 

betweenbetween overlapping spectra, no corrections were made for variations in laser output energy. 

TheThe numbers below the combs in the figure indicate v'2, the upper state out~of-plane bending 

quantumquantum number. Relevant features for comparison with the REMPI-PE spectra presented in 

FiguresFigures 6 and 8 are shown on an expanded scale above the main spectrum. 

off this C ' - X lJ,2o progression in NH3 were identified in one of the first applications of 

REMPI-PESS to NH3 [31]. These spectra are included primarily to demonstrate the strong 

propensityy for Av = 0 transitions in the final one photon ionization step from the Rydberg 

statess of ammonia, since it is an underlying assumption in much of our subsequent discussion. 

Figuree 6 shows the corresponding REMPI-PES obtained following excitation at 254.72 nm 

(22 v = 78495 cm"1), resonant with one of the more prominent features apparent in the jet-

cooledd excitation spectrum shown in Figure 4. The fact that all REMPI-PE spectra reported 

hereinn were recorded using an effusive jet is significant in this case, because the room 

temperaturee band contour of this transition (and all other transitions) will be substantially 

widerr than that shown in the jet-cooled excitation spectrum, and spectral overlap will be 

correspondinglyy greater. The dominant peak appears with a KE = 4.41 eV. Energy 

conservationn requires that 

5/iv=IEE + Eint(NH;) + KE(c"). (3) 

Threee 254.72 nm photons equate to a total energy of 14.60 eV. Thus, given the ionization 

thresholdd for forming NH3 (x) ions, IE = 10.19 eV [33], we conclude that there is a strong 

propensityy for forming parent ions with Eint = 0.0 eV, i.e. in their zero-point vibrational level. 

Thiss suggests that the Rydberg level of NH3 providing the dominant resonance enhancement 

att the two-photon energy following excitation at 254.72 nm is an electronic origin. This 

allowss estimation of its quantum defect, 5, defined according to the relation 
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•• Figure 5 

REMPI-PEREMPI-PE spectra ofNH3 obtained following excitation at (a) 286.84 nm (2v = 69709 cm'), 

(b)(b) 279.20 nm (2v= 71615 cm') and (c) 275.56 nm (2v= 72560 cm1). The three peaks at 

KEKE = 2.03, 2.13 and 2.19 eV, respectively, are consistent with NHj ion formation in the 

12,1212,12 and 1 2 vibrational states. 
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•• Figure 6 

REMPI-PEREMPI-PE spectrum ofNHi obtained following excitation at 254.72 nm (2v= 78495 cm ) . 

TheThe dominant peak, at KE = 4.41 e V, is consistent with ionization to the zero-point level of 

thethe ion, whilst that at KE = 4.20 eV is associated with ion formation in the vj = 2 level. The 

identityidentity of the peak at KE = 4.11 eV is discussed in the text. 

2v2v = lE-R/(n-8y (4) ) 

wheree IE = 82159 cm"1 and R is the Rydberg constant, 109737 cm"1. The value of 8 reflects 

thee extent to which the Rydberg electron penetrates into the core region and, as such, is a 

sensitivee indicator of the £ character of the Rydberg electron. Such information, taken 

togetherr with the results even of crude simulations of the corresponding band contours 

evidentt in the jet-cooled REMPI excitation spectra (which will often suffice to indicate the 

parallell or perpendicular nature of the two-photon excitation step), can be of considerable 

helpp in unravelling the vibronic level structure of small and medium size gas phase molecules 

att energies approaching the ionization limit. In this instance we deduce that the 2 v = 78495 

cm"11 feature is the first (i.e. 0°0) member of a progression of parallel bands, the origin of 
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whichh exhibits a quantum defect, 5 = 0.53 (assuming n = 6). This we assign in terms of the 

orbitall promotion 6pa'2 <- la", resulting in population of an excited state of ]A{ symmetry 

whichh has been labeled the G' state [2]. 

Thee energy level diagram shown in Figure 7 anticipates results presented in Figure 8 by 

consideringg a situation where there are two levels (belonging to different Rydberg series both 

off which converge to the same electronic state of the ion (e.g. the ground state), with bending 

quantumm numbers V2 = 2 and 3, respectively, in near degeneracy. From the foregoing, it 

shouldd be clear that one-photon ionization from these levels would result in preferential 

formationn of NH* \XJ ions with bending vibrational quantum numbers v j= 2 and 3, 

respectively.. Obviously, these two states of the ion involve different amounts of internal 

(vibrational)) energy but, since the particular intermediate levels of interest were near 

degenerate,, the overall three-photon absorption will have introduced very similar amounts of 

energyy in each case. Once again, energy conservation will be satisfied if the photoelectron is 

ejectedd with the appropriate kinetic energy (Eq. (3)). As before, knowing the total energy 

suppliedd to the molecule by the multiphoton absorption process, one can deduce the 

vibrationall quantum state of the resulting ion and thus, by Franck-Condon arguments, the 

vibrationall level(s) of the Rydberg state (or states) providing the resonance enhancement at 

thee two-photon energy, simply by measuring the photoelectron KEs. 

Figuree 8 shows three more REMPI-PE spectra, obtained following excitation of a room 

temperaturee NH3 sample at (a) 256.09 nm (2 v = 78074 cm"1), (b) 255.87 nm (2 v = 78142 

cm - 1 )) and (c) 255.71 nm(2v = 78190 cm"1). Note that the first and third of these REMPI-

PEE spectra were recorded at wavenumbers where the jet-cooled excitation spectrum (Fig. 4) 

showss no resonance enhancements. This, and the fact that the wavenumber used when 

recordingg (b) differs from that of the peak in the jet-cooled REMPI spectrum (Fig. 4), again is 

merelyy a reflection of the much broader vibronic band contours in the room temperature 

parentt excitation spectrum. Consider the most intense peak with KE = 4.10 eV in (a). Three 

256.099 nm photons correspond to a total energy of 14.52 eV. Given IE(v+ = 0) = 10.19 eV 

[33],, we this time deduce that there is a strong preference for forming parent ions with Ei„t = 

0.233 eV - equivalent to 2 quanta of the out-of-plane bending vibration, v£. Thus we 

concludee that the Rydberg level providing the two-photon resonance enhancement following 

excitationn of room temperature NH3 molecules at 256.09 nm also carries 2 quanta of out-of-
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detail). detail). 
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^^ Figure 8 

REMPI-PEREMPI-PE spectra ofNH3 obtained following excitation at (a) 256.09 nm nm (2v = 78074 cm'1), 

(b)(b) 255.87 nm(2v= 78142 cm'1) and (c) 255.71 nm (2v = 78190 cm'). The strongest peak in 

(a),(a), at KE = 4.10 eV, is consistent with ionization to the vj = 2 state of the ion, whilst that in 

(c),(c), at KE = 4.01 eV, is consistent with formation of ions with vj = 3. The unlabeled weaker 

peakspeaks in (a-c) can be assigned in terms of two photon resonance enhanced ionization via the 

E"E" 24, Ë' 25 and E' 26 states and via the E''-X'' 2J 1Q "hot band", the band contours of each 

ofof which will  overlap the relevant energy range when using a room temperature NH3 sample. 

planee bending vibration. Similar analysis of the REMPI-PE spectra obtained following 

excitationn at 255.71 nm (c) indicates that the resulting ions are formed with v£ = 3; hence the 

intermediatee level assignments chosen in Figure 7 and indicated in the REMPI excitation 

spectrumm shown in Figure 4. Excitation of a room temperature NH3 sample at intermediate 

wavelengthss (e.g. 255.87 nm) results in some resonance enhancement by the band contours of 

transitionss to both of these intermediate levels, and a more complex REMPI-PE spectrum 

resultss (Fig. 8b). 

Similarr REMPI-PES measurements at neighbouring excitation wavelengths allow 

unambiguouss identification of extended vibronic progressions associated with these peaks 

(andd with the other resonance enhancements evident in Fig. 4) and, in each case, 

determinationn of the Rydberg state origin. This, in turn, allows estimation of the quantum 

defect,, 5, of these various Rydberg origins. Thus, for example, we deduce that the two-photon 

resonancee at 2v ~ 78140 cm"1 involves contributions from the third (i.e. 20) member of a 

progressionn of perpendicular bands the electronic origin of which lies at -76200 cm" and 

withh the fourth (i.e. 23
Q) member of a second progression with electronic origin at 75335 cm* . 

Thee 6 values for these two origins are ~ 0.7 and ~ 0.0 (assuming n = 5 and n = 4 respectively). 

Thee former is associated with the orbital promotion 5pe' <- la", resulting in population of an 

excitedd state of XE" symmetry which has been labeled the F' state [2]. Definitive assignment 

off the electronic state supporting the l\ band is more problematic; the near zero quantum 

defectt suggests strongly that the terminating orbital is either a 4d or 4/Rydberg orbital. 
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Returningg to Figure 6, the astute observer will have noted the presence of a number of 

weakk features which we have not yet discussed, but which can be interpreted as arising from 

analogous,, weaker, overlap of excited states of NH3 resonant at the two photon energy. The 

peakk at KE = 4.20 eV is consistent with 2+1 REMPI terminating on the v j = 2 level of the 

ionn [33]. Recalling the 2+1 REMPI excitation spectrum shown in Figure 4, this is most 

readilyy explicable by assuming some two photon resonance enhancement by the nearby 

F'' A'i - X 20 band which, given that the REMPI-PES data was recorded using a room 

temperaturetemperature sample, is perfectly feasible. More interesting is the feature at KE= 4.11 eV, with 

Ei„t== 0.3 eV (2420 cm'1). This internal energy is no simple multiple of \\ •> DUt is m o s t readily 

interpretedd in terms of the formation of NH^Xj ions carrying one quantum of each of v j 

andd V4 (V4 is the e' degenerate out-of-plane bending mode) [33]. Again, if we assume a Av 

== 0 ionization step, such an assignment would suggest two-photon resonance enhancement by 

aa 2l
04

l
0 band in the neutral NH3 molecule which, on energetic grounds, we must associate with 

thee F'XE' state with electronic origin a t - 76200 cm"1 [2]. The vibronic symmetry of this 2*4' 

levell will be l E" ®al®e'=A[. We attribute it's unexpected showing in the two photon 

excitationn spectrum to accidental near resonance, and vibronic mixing, with the resonant 

G'G'XXA[A[ 0° level. Such a 2"^\ transition is the analogue of those reported previously [24,27] 

involvingg the B] E" state, the first (n = 3) member of the npe' <- la \ Rydberg series to which 

thee F' state also belongs. Here, then, we see another example of a situation where careful 

analysiss of REMPI-PES spectra can reveal contributions from vibronic mixing between 

excitedd state levels [38] which, by virtue of spectral overlap or their inherently weak 

transitionn strength, is not recognizable in the conventional wavelength resolved REMPI 

excitationn spectrum. 

3.44 Conclusions 

Thiss paper presents selected examples involving the molecules NH3 and ND3 which serve 

too demonstrate how a combination of (jet-cooled) REMPI spectroscopy and companion 

REMPI-PESS studies can provide a wealth of detailed information relating to the energetic 

orderingg of Rydberg states in small and medium sized gas phase molecules, even amongst the 
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myriadd of observed features converging on the first IE. It is not intended to provide a 

comprehensivee guide to the current state of knowledge regarding the Rydberg states of 

ammoniaa - this can be found in references [2,7,8]. For a yet more detailed understanding of 

thee dense manifold of highly excited states of ammonia it will almost certainly be necessary 

too take advantage of the additional spectral simplification and definition provided by two 

colorr double resonance spectroscopy methods. 
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