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This paper extends our knowledge of the higher excited states of the ammonia molecule by
presenting detailed measurements of thel2resonance enhanced multiphoton ionizatiREMPI)
spectrum of both Nkland ND; obtained following excitation in the wavelength range 298—242 nm,
i.e., at energies up to the first ionization energy. Complementary analyses of the wavelength
resolved REMPI spectrum and the accompanying REMPI-photoelectron spectra leads to the
identification of ten new Rydberg origins of NHfour for ND3) with principal quantum numbers

n<8 and, in most cases, of the accompanying out-of-plane bending vibrational progression.
Symmetry assignments for the various newly identified excited states are offered, based on band
contour simulation and/or quantum defect considerations. Dominant amongstjheseﬁ(féﬂ‘;ﬁe
(5sa;«1ay) statervo=74 118(2) cm' [NH3], vo=74 258(2) cm* [ND;], the F” 'E” (5p¢’

«—1a}) state: vo=76220(50) cm* [NH;], vo=76240(50) cm' [ND;], the F' 'A] (5paj

«—1ajy) state:vo=76674(1) cm?® [NH;], vo=76 770(5) cm! [ND;], and theG’ A] (6pa)

«—1a}) state:v,=78494(1) cm! [NHs]. The present work serves to reinforce the previously
noted dominance afip—1aj Rydberg excitations in the 21 REMPI spectrum of ammonia. In
addition, the adiabatic ionization energy of N3 estimated to be 82 28040 cmi ! based on the
assumption that analogous Rydberg states of alitl ND; will have very similar quantum defects.

© 1998 American Institute of Physids$0021-960808)00516-9

I. INTRODUCTION mentary selection rules and, more importantly, reveal just the

) ) ] less predissociated.e., more long lived excited electronic
The excited electronic states of ammonia have attractegtatess_ These benefits, when coupled with jet-cooling of the

much experimental and theoretical attention over the year§arget molecule, have led to major advances in our descrip-
focusing on their spectroscopy, their complex predissociatiotgion of the excited electronic states of ammonia

pathways, and, in some cases, their detailed photoc_hemlstry. Colson’s group” recorded and compared the three-
Much of the early spectroscopic work used conventional ul-

traviolet (uv) and, particularly, vacuum ultraviolévuv) gas photon REMPI spectra and the one-photon vuv absorption
. ! . . spectra of both Nkland ND; over the wavenumber range ca.

phase absorption to elucidate the vertical electronlc62 500—80 000 it and ided what is. to date. th ;

spectrumt™ The detailed current level of understanding N ChT and provided what1s, to date, th€ mos

owes much to the introduction of multiphoton excitation complet.e global description of the electronic spectrum of
spectroscopies allied with jet-cooling techniques and th@mmonia. Much of the subsequent work has been concerned

publication of the seminal papers of Colson and co-workers ith extending and refining parts of this spectroscopic analy-

in the late 197087 The reason for this is one of spectral sis and/or with detailed analysis of the predissociation

congestion. All the observed excited electronic states of am'€chanisms affecting some of the lower lying Rydberg
monia below the first ionization enerdiE) are formed by ~States. _ _ _

the promotion of an electron from the doubly occupiea 3 The small size and high symmetry of ammonia encour-
nitrogen lone pair orbital in the pyramidaC,) ground state ~ 29€S description of its molecular orbitals within the united
to Rydberg orbitals with principal quantum numbes3, atom approximatiori;'%in this case a neon atom. Figure 1
resulting in states with planab(y,) equilibrium geometries. shows the observed electronic origin energies of some of the
As a result, each electronic transition appears with a longpossible excited states of NHlabeling the Rydberg orbitals
vibrational progression associated with excitation of the outin terms of a neon atom split in a field &3, symmetry.
of-plane modev,. This density of vibronic structure, com- This is appropriate for the case of the planar Rydberg states
pounded by the spectral line broadening due to predissocigtudied here and explains our use of tleg $ymmetry label
tion of many of these excited states, proved a majofor the HOMO (rather than the &, label applicable if am-
encumbrance to definitive assignment. Multiphoton absorpmonia were a rigidC3, moleculg. Only states with principal
tion methods, and in particular the technique of resonancquantum numben<5 are shown in the figure; higher states
enhanced multiphoton ionizatio(REMPI), offer comple-  will derive from the same orbital pattern and the figure

0021-9606/98/108(16)/6667/14/$15.00 6667 © 1998 American Institute of Physics
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spectroscopy” Clarification of the extent of Jahn—Teller dis-
tortion affecting the degeneraﬁ state has come from a
number of rotationally resolved double resonance studies in
which B state levels associated with excitation of one quan-
tum of each of the doubly degenerate vibratiogsand v , %

built on a progression im; , were populated following initial

I IE,
80000

75000
70000
65000

60000

Energy / om’

& ss000 |- excitation of molecules into selected rovibrational levels of
o0t o the X20-2or A2 states. These studies also showed that the
aso00 |- 3 historically labeledC-X system of ammonia actually in-
40000 |- . volves a vibronic component of th state.

f XA 1o, The C’—X 23 progressions in Nkland ND; were first

revealed in the multiphoton study of Nieman and Colson
FIG. 1. Orbital correlation diagram for NAup to the principal quantum who established théA; electronic symmetry of theC’
numbem=5, plotting the term valuesit) of the observed excited Rydberg  gtgte® The spectroscopy and predissociation of tl’ééevé)
states belonging to the five series discussed in this study. The(fabiev- . . . .
ing Ref. 7 and symmetry of each state is also given, along with the corre-leveIS have since been investigated further L_Jsmg boti 3
sponding value of the principal quantum numiserThe type of Rydberg  (Ref. 31) and sub-Doppler 2 1% REMPI techniques as well

electron orbital associated with each series, cast in terms of a united ato@s real-time pump—probe REMPI-PES studies on a ps time

(Ne) in a Dy, field, is supplied at the top of each “column” of states. The 1624 Analysis of the widths and intensities of individual
values ofn which are printed in bold indicate that the associated states have . =

been observed in a MPI study. rovibrational features in the&C’-X multiphoton excitation
spectrum provided evidence for two competing predissocia-
tion mechanisms: a homogeneous predissociafi@n, in-
should therefore help the reader when states with higher V0IVing coupling to one or more states of the same vibronic
are discussed later in the text. symmetry, the efficiency of which is thus independent of
The A 1A§&§ 1A] absorption spectrum of Nfshows ~ Parent rotation presumably involving the\ A state, ar_ld a
vibronic structure but no rotational fine structure and onlyheterogeneous route promoted by in-plaxg axis) rotation
the (g and % bands of the NI&Z—;() system show resolv- which was attributed to Coriolis induced predissociation via
able rotational structurdThe recent understanding of this the B 'E” state. These data, quantum defect considerations,
efficient (picosecond time scalgredissociation has come in and the results of companion REMPI-PES experiniénts
part from rotational lifetimes and decay rates deduced fronyvhich show a strong propensity for the final one-photon ion-
simulation of individualA— X vibrational band contouts  ization step to be Franck—Condon diagonal in all vibrational
and from direct linewidth measurements of fully resolvedmodes, all indicate that the’ *A] state is the firstif=3)
rovibrational transitions observed via double resonancénember of thenpa;«—1la; Rydberg series of ammonia.
methods, e.g., by stimulated emission pump{&EP fol-  Double resonant multiphoton excitatigmia the A statg to
lowing multiphoton preparation o’ state moleculdé3or  this electronic state has also allowed an unambiguous iden-
in microwave-optical double resonance experiméhts. tification of thev; symmetric stretching mode in ti@' state
Coupled withab initio calculations of theA state potential- of both NH; and ND;.?° The former was also identified in an
energy surfac&> measurements and modeling of the energyearlier careful REMPI-photoelectron spectroscofBES
disposaf:®1” and the recoil velocity and angular momentum study of jet-cooled Nii®
vector correlation$!® in the NH, photofragments, these Recent experiments by Li and Vidahave investigated
studies have afforded a remarkably detailed picture of théeatures associated with tile—X 2; progression in the one-
photofragmentation dynamics oA state ammonia mol- photon vuv excitation spectrum of both Nind ND;, by
ecules. monitoring either fluorescence from the fraction of
__ The electronic promotion (8¢’ < 1aj gives rise to the NH,(ND,) photofragments that are formed in their excited
B !E"«X 'A] system of ammonia. The associate§ \a- A 2A, state or parent ions that result from absorption of a
bronic progressions in both NHand ND; have been identi- visible photon by the vuv prepared statee., 1+1’
fied in one-photon vuv absorptidn®2%#'Our knowledge of REMPI). The features observed in the Blidpectrum were
the B state has been greatly enhanced by two-photon REMPPO broad to allow determination of any upper state rotational
spectroscopy studies both under beam conditfomsd, with ~ constants or to verify the previously propo$é&” excited
sub-Doppler resolution, in the buff. The latter study state symmetry. However, a band contour simulation of the
yielded molecule limited linewidths of individual NJpB-X) less predissociation broadenbdX 0 transition in ND, re-
rovibronic transitions, thereby enabling determination of acorded under both beam and bulk conditions, shows conclu-
(rotational level independenifetime of ~0.25 ns for levels  sively that theD state in fact hasE’ symmetry, consistent
of the NDy(B) state withv,=<6. Our knowledge of the pre- with it being derived from the electronic promotiord&’
dissociation dynamics of vibrational levels of tBestate in ~ «1aj3.? The D’ A}« X, D" 'A}«X, and D" E"+X
NH; and ND; has been extended subsequently by-(2) transitions(attributable to the respective orbital promotions
two-color pump—probe ionization on a picosecond time scaldsa;«<1a3, 3da;«1aj, and 4e’—1aj) lie in the same
in combination with high-resolution photoelectron energy regionFig. 1) and have been identified via vuv ab-
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sorption and/or 31 REMPI spectroscopySymmetry con-  were detected by a pair of chevron-configuration microchan-
siderations dictate that th&E"(3de’«1aj}) excited state nel plates(MCPs. The output signal from the MCPs was
must lie in this energy range also but this state has yet to baccumulated by a digital oscilloscope and downloaded to a
identified. computer via a GPIB interface for subsequent analysis. To
The highest energy Rydberg state of ammonia reportedbtain mass selected REMPI spectra, the dye laser was
hitherto at a level of rotational resolution is the scanned and only that part of the total ion signal that fell
E’ A[(4paj— 1a}) state. A recent 2 1 REMPI study and  within a narrow time window centered on the TOF of the
accompanying band contour simulatidhyielded excited- mass of interest was collected, averaged, and stored. In the
state spectroscopic parameters for both;Ntdd ND; and  spectra so obtained, weak features were identified in the
some insight into the predissociation behavior of the obmain scan across the spectral range covered in this study and
served 2 levels, all of which show many parallels with ex- then rerecorded at slower scan speeds and/or enhanced sen-
isting knowledge of the corresponding’ *A;j(3pa,  Sitivity.
—1aj) excited state. REMPI-PE spectra were obtained using a XeCl excimer
At yet higher energies, but still below the first Ig; pumped dye laser system with the laser output focused
=82 159 cm? in the case of NK®), theF A} andG A5  (f.l.=25mm) into the ionization region of the “magnetic
Rydberg states have been identified via their respectfve 2bottle” electron spectrometéf. An effusive beam of pure
progressions in the vuv absorption specttdri?*®and as- NHz or ND; vapor was crossed by the focused laser beam
signed in terms of the electron promotiarsa«1aj, n  and photoelectrons resulting from each laser pulse were ex-
=6 and 7, respectively. However, even the more recent extracted into the spectrometer. The measured times of arrival
periments involving jet-cooled sampfé4® had insufficient ~ of the photoelectrons at a pair of MCPs situated at the end of
resolution to permit any rotational analysis of these featureghe 500 mm flight tube were used to determine electron ki-
The present study is intended to complement and exten@etic energies. A transient digitizer, interfaced to a PC, re-
all previous MPI and vuv absorption studies of ammonia and:orded preamplified output signals from the MCPs. Kinetic-
provide a comprehensive picture of the two-photon resonargnergy-resolved photoelectron spectra were obtained by
MPI spectrum of jet-cooled Nijand ND; molecules at en- progressively stepping the retarding voltage on a grid in the
ergies above th€' state origin and up to the first ionization flight tube and, at each voltage setting, performing a time-to-
limit. A parallel study measuring the kinetic energies of theenergy transformation on just the slowése., highest reso-
photoelectrons that accompany the various MPI resonancdgtion) part of the TOF spectrum, with a resultant 15 meV
proved to be of decisive importance in obtaining the propefFWHM) resolution at all kinetic energies in the present ex-
assignment of these resonances and have in fact allowed @€riments. To place the photoelectron kinetic energies on an
to determine unambiguously their vibrational quantum num-absolute scale, the ammonia sample was doped with xenon
bering. We identify ten new electronic origins for Nkfour and well-documented REMPI transitions terminating on the
in the case of NB), out-of-plane bending progressions asso-two spin-orbit states of the Xeion were then used to cali-
ciated with the majority of them, and offer a coherent assignbrate the REMPI-PE spectra. Certain wavelength-resolved
ment of the various electronic states based on band contol®EMPI spectra were recorded in Amsterdam by measuring
simulations and/or quantum defect considerations. both the total and selected energy portion of the photoelec-
tron yield as a function of excitation wavelength.
Spectral analysis of band contours recorded in the
REMPI spectra showed that the ammonia molecules in the
The results reported here were obtained using twget expansion were cooled to 40 K. [The correct nuclear
complementary experimental setups: in Bristol, a home-builspin statistics for the original room-temperatu298 K)
time-of-flight (TOF) mass spectrometer was used to recordsample of ammonia molecules were incorporated into the
mass resolved 21 REMPI spectra of Ngland ND;, while  simulations] This should be taken into account in the fol-
REMPI-PES studies were performed using a ‘“magnetidowing section when we compare the REMPI data with the
bottle” spectrometer in Amsterdam. Both experiments haveREMPI-PES data which was recorded at 298 K.
been described in detail previously/? and so only brief
summaries of the two experimental methods are given here.

REMPI spectra were recorded using a pulsed nozzle to
inject either NH or ND5 (5% mix in argon, total pressure of
~1 atm into the source region of the TOF mass spectromd!l. RESULTS AND DISCUSSION
eter. The gas pulses were crossed by the focused
(f.1.=300—500 mm) frequency doubled output of a tuneable ~ Figures 2 and 3 show21 REMPI spectra of Nkland
Nd:YAG pumped dye laser. Wavelength calibration of theND3 recorded over the spectral range 68 700—-82 200 and
dye laser, in the visible, was performed simultaneously witH67 200—82 800 cit, respectively. The high experimental
recording of REMPI spectra by measurement of the optogalsensitivity allows extension of all previously observéyy
vanic spectrum of neon excited in a hollow cathode disMPI) vibronic progressions associated with tiie'E”,
charge. lons formed by the focused laser beam in the sourc®’ A], andE’ 'A] Rydberg states to energies approaching
region of the mass spectrometer were subjected to two stagdse lowest ionization limit. These and the new electronic
of acceleration prior to entering a field-free drift region andstates identified in this work are considered in turn.

Il. EXPERIMENT
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FIG. 3. 2+1 REMPI spectrum of a jet-cooled sample of NDver the
FIG. 2. 2+1 REMPI spectrum of a jet-cooled sample of Nbver the energy range 67 200—82 800 chrecorded using linearly polarized light
energy range 68 700—82 160 chrecorded using linearly polarized light and monitoring only those ions with times of fligitOF) appropriate to
and monitoring only those ions with times of flighitOF) appropriate to ~ m/z 20. Similar to the spectrum in Fig. 2, this is a composite obtained by
m/z 17. This spectrum is a composite, obtaining by splicing together spectraplicing together spectra recorded using more than one dye. No correct
recorded using more than one dye. Although some adjustments were maa®rmalization was made for the laser power and the relative intensities of
to avoid serious discontinuities between overlapping spectra, no correctionfgatures should be regarded accordingly.
were made for the variations in the laser output energy. The numbers below
the combs festooned in the figure indicatg, the upper state out-of-plane

bending quantum number of & 2ibronic level. The numbers above tos
state comb indicate the), number of a 12" vibronic progression. possible to obtain excited state rotational constants from
analysis of theB-X 233 feature [B’ =3.44(8) cm!, C’
< , . =2.82(8) cm, £=0.78(4) withq, and the centrifugal dis-
A. The B “E"(3pe"«1a;) Rydberg state tortion constants fixed at]Owhich are in accord with the
The recent ondvuv) photon excitation studies of jet- constants fow,<13, and a homogeneous linewidth for the
cooled NH and ND; molecules by Li and Vidat covered a  v5=13 level [wo=1.2(2) cnm']. Here too, lack of rota-
small portion of the lower energy end of the wavenumber
range covered in Figs. 2 and 3. These workers presented
. n : 5 5
rotational analyses foB-X Zg bands withn<12 for both TABLE |. Band origins @) of the predissociateB 'E”—X A] 2§ transi-
NH; _and ND;, thereb_y ext_endlng the database _Of SPECtrO%igns in NH; and ND; determined forn=10-12 in the one-photon vuv
scopic knowledge which, hitherto, had been restricted to levstudy of Li and Vidal(Ref. 23 and in this MPI study fom=13. Band
els withn<8 (NH,) and 6 (ND).???% The B-X 20 bands  origins for the lowem levels may be found in Refs. 21 and 23. Numbers in
with n=10-12 (NH) andn=11,12 (NDy) are evident in parenth_eses_ fc_n; 13 are estima?ed uncertainties as_socigted'with the level
. . of predissociation and interpolation between Ne calibration lines.
the present study also; comparison of simulated band con-
tours with the REMPI data from this study confirms the volom™?

spectroscopic parameters reported previously for tHgse ,

state levels and only the vibronic band origing) values o2 NH NOs
are shown in Table | for reference. NiB state levels with 1(1) 67%12%%25)); 576 ::23;5319;;
v,>12 are too heavily predissociated to show resolved rota- 12 7 315:32)a 68 444:7310)5\
tional structure. The origins for the correspondBgX fea- 13 72 3782) 69 2391)
tures(evident in Fig. 2 and listed in Table Were estimated 14 73 45%2) 70 0155)
via a band contour analysis described more fully below and 15 74 5183) 70 8333)
in Ref. 43, using extrapolatehot fitted values forB’, C’, 1? ) ;; iig‘g

and ¢, and floating just the band origin, and the homoge-
neously broadened linewidth,. In the case of NBit was  3rom Ref. 21.
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TABLE II. Spectroscopic and linewidth parameters for selectedrd £2" levels of theC’ *A; states of NH

and ND;. All excited-state centrifugal distortion constants were clamped to zero in the fitting process. Numbers

in parentheses represent the uncertainties returned in the least-squares fitting except in the case of band origins
where the quoted errors allow for interpolation between Ne calibration lines.

v} volem™
2n 110 NH, NDs
n=4 67 4791) -
n=2 68 7971) 67 5701)
5 68 4681) 67 3921)
3 69 7121) 68 3141)
6 69 4571) 68 1311)
4 70 6541) 69 0541)
7 70 4681) 68 8831)
5 71 6155) 69 8131)
8 71 4861) 69 6451)
6 72 56@5) 705681)
9 72 5291) 70 4171)
7 - 71 3291)
10 73 5721) 71 1941)
11 74 6291) 719821)
12 75 6791) 72 7721)
13 - 73 5761)
NH; 112" B/cmt Clecm™? W wolem™t a b
n=2 9.788) 5.3712) 1.2 2.311) 0.1(1) —12
3 9.824) 5.353) 1.2 2.2(4) 0.2(1) -1
4 9.785) 5.364) 1.2 1.92) 0.7(2) —12
ND, 2" B/em ™! Clem™ w wglem™* a b
n=5 4.702) 2.7003) 1.12) 0.92) 0? 0?
6 4.533) 2.764) 1.32) 1.02) 0 0
7 4.392) 2.743) 1.2 1.22) 0 o
8 4.3419) 2.7934) 1.2 1.32) o? 0?

ot floated in least-squares fit.

tional resolution only allowed estimation o, for B-X 2  excited-state constants,, B’, andC') were first obtained
transitions withn=14. Thev, values so obtained are listed by floating them in a least-squares fit to the measured fre-

in Table 1. guencies of the better resolved features in the experimental
spectrum while holding the ground-state constants fixed at

B. The npaj«1a) Rydberg series (n=3 and 4): The the values determined by Urbam al. for NH; (Ref. 44 and

C' Al and E’ *A] states ND; (Ref. 45. The upper state constants were then refined

Table Il lists_spectroscopic parameters for the ghd

112" levels of theC’ 'A] states of NH and ND; obtained by NH,C AL - 12 ND, G A - XA 2

least-squares fitting to individual rovibronic transitiois T o) o7

the case of the better resolved bands the overall band

contour. Only band origins could be obtained with any cer- \ o J)

tainty in the latter cases. The values derived for the i) O °0<J>

vibrational progressions accord well with those deri{/femt

the v5<3 (NH3) and 5 (NDy) levelg in the REMPI-PES o

study of Miller et al3® All of these features are dominated by Simulation

QQ (i.e., AJ=0, AK=0) transitions associated with the

TO(A) zero rank component of the two-photon transition ten- @

sor. However, as found recently for the correspondiig Experiment

—X transitions®’ there is also a smaller contribution from R

the T3(A) second rank component, revealed by the presence oo 6\5;?20 'b 6/9969 ' 67350~ 600 " 670

of weakerO, P, R, andS branch transitions. This is illus-

trated in Fig. 4, which shows expanded views of the 2  FIG. 4. Jet-cooled 21 REMPI spectrum ofa) the 1523 band of the NH

REMPI spectra of the NWC'«X) 1323 transition [Fig. (€' IX) ransition and(b) ”c‘ie %bba”? of the N3 (C'X) ransiion,
= > . together with the correspondin est-fit simulatidnpper curvesof these

4(a)] and the NQ(C’—X) 25 band[Fig. 4(b)]. The accom- 9 porcing toep q

| - 2 ° : two-photon excitation spectra obtained using the parameters listed in Table
panying simulations were derived as follows: Approximatell.
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TABLE lll. Spectroscopic and linewidth parameters for thglevels of theE’ 'A] state of NH and ND;. All
excited-state centrifugal distortion constants were clamped to zero in the fitting process. Numbers in parenthe-
ses represent the uncertainties returned in the least-squares fitting except in the case of band origins where the
quoted errors allow for interpolation between Ne calibration lines.

vy volom 1 B/cm! Clem™? w wolcm™ a b
NH, E’ A} state
0 72 9951) 10.547)2 5.091)2 1.93)2 1.2(2)2 0.2810) —1.02(3)
1 73 8781) 9.899)% 5.152)?2 1.92) 2.2(6) 0.1614) -1°
2 74 80Q1) 9.875) 5.27(4) 1.8(1) 2.702) 0.2022) —1°
3 75 7511) 9.81(5) 5.123) 1.72) 3.802) 0.41) -1°
4 76 7321) b
5 77 7331) b
6 78 7443)° b
7 79 8314)° b
8 80 875%4)° b
ND; E' 'A] state
0 73 145%1) 5.3436)*  2.6206)* 1.5 1.4 d d
1 73 7831) 5.2337)2  2.6476)*  1.38) 1.6(4) d d
2 74 4791) 510832  2.6701)*  1.42) 1.52) d d
3 75 1941) 5.0237)*  2.6843)%  1.803) 2.43) d d
4 75 9251) 487472 2770872  2.2(1) 2.1(4) d d
5 76 6771) 475627  2.7182?2  1.601) 2.51) d d
6 77 43@1) 4626572  2.7435% 1.6 3.33) d d
7 78 20Q1) 45166)2 274147  1.201) 2.003) d d
8 78 9791) 4.265) 2.745) 1.52) 2.2(3) d d
9 79 7621) 4.126) 2.802) 1.62) 2.0(4) d d
10 80 5521) 3.9765) 2.81(5) 1.7 1.54) d d
11 81 36Q1) 3.91(3) 2.804) 1.7 1.4(5) d d
12 82 1661) 3.71) 2.766) 1.2 1.96) 0.32) -1°

aTaken from Ref. 35.

bInsufficient resolved rotational structure to obtain accurate constants.
‘Not floated in least-squares fit.

‘Fixed at zero in least-squares fit.

®Heavily predissociatedy,~10 cm L.

using a more elaborate least-squares fit to the experimentBlone of the fits of individual bands of N[returned statis-
band contour rather than the line positions using the procetically significant values fom or b and so these parameters
dure described in Ref. 43. This was necessary as even appaVere clamped at zero in the final fits of the NG’ —X)
ently well-resolved “lines” generally consist of several tran- vibronic bands. In NK, however, though the homogeneous
sitions with the same values dfor K. Fitting to the band  predissociation rate is seen to be largely insensitive to in-
contour allowed due weight to be given to these unresolvedreasingvy, the overall predissociation rate of the higher
transitions, and was essential for other bands which showeglK levels increase via an increasing heterogeneous contri-
little resolved rotational structure. Up to seven additional papution. The comparability of the rotational constants for any
rameters were floated in the band contour #5:wo, a, b, 2" leveP?3" and the corresponding'2” level highlights the
temperature, and a simple vertical scaling and offset with ngarmonic nature of they, (symmetric stretching mode.
physical significanceW is the ratio of theT§(A):Tg(A)  Allen et al?® also noted the insensitivity of the' state ro-
transition amplitudesawy is the linewidth (assumed to be tational constants to excitation of, and that the isotopic
Lorentzian of transitions involving the rotationless excited 4tjq /(NHa):24(ND3)~1.38 is very close to the2 value
state level with)’=K’=0. The contribution from the laser expected for a harmonic vibratiGh.

pandW|dth(est|mated as a 0.4 cth FWHM Gaussian func- Spectroscopic constants for thhe lAi state, the next
tion at the two-photon ener@jyhas been deconvoluted from 4)

D) n=4) member in the samepa,— 1a; Rydberg series, are
all the w, values quoted in this paper. We have not checked, ogented in Table IIl. The present work yields refined band

carefully for any possible laser power dependence of thesgjging and linewidth parameters, but no improvement in the
widths, but no indication of any such dependence was foungalues ofB’ and C’ for NH5 levels with v}<3 or ND,
during the simulations of any of the data. The parameders levels withv,<7, respectively, which are taken from Ref.

andb allow for the possibility that the excited-state lifetime 37. For any giverv, level, the rotational constants show
. 2 y

is rotational level dependent, as is the case for the higher 2__ . . LS . =
. . = ’ . striking similarities with those of the correspondi A
vibronic levels of theC’ state of NH.24332Each rotational J pondify “A;

L X : i state level, as might be expected for Rydberg states belong-
line is given a further width according to the formulb: ing to a series converging to the same ion core. Finally we
wy kr=wofl+ald’ (I +1)+bK'?]}. (1)

note that, for a givem level in theC’ andE’ states of any
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TABLE IV. Spectroscopic and linewidth parameters for thdevels of theF’ 'A] states of NH and ND; and

the G’ 'A; state of NH. All excited-state centrifugal distortion constants were clamped to zero in the fitting
process. Numbers in parentheses represent the uncertainties returned in the least-squares fitting except in the
case of band origins where the quoted errors allow for interpolation between Ne calibration lines.

4 volom™? B/cm™t Clecm™? W wolem™t a b
NH; F’ A] state

0 76 6741) 10.6 518 1.2 1.2 0.3(1) —1P

1 77 5931) 10.3 5.38 1.2 1.2 1.502) —1°b

2 78 5231) 9.858 5.7 1.2 0.31) 1.302) —1°

3 79 4791) 9.8 5.65 1.2 0.31) 1.8(2) —1°b

4 80 4641) 9.78 5.7 1.2 0.4(1) 1.702) —1°

5 81 47@1) 9.7 5.65 1.2 0.42) 2.02) —1P
ND, F’ 1A} state

0 76 7705)°

1 77 4405)°

2 78 13@5)°

3 78 87Q2) 5.08 2.7% 1.2 1.6(3) o° o°

4 79 6211) 4.9 2.8 1.2 2.24) o° o°

5 80 3681) 4.8 2.8 1.2 1.7(2) o° o°

6 81 1331) 4.7 2.85 1.2 0.72) o° o°

7 81 9071) 4.6 2.88 1.2 0.4(1) 0.895) —1°
NH; G’ A} state

0 78 4941) 10.6 5.12 1.2 0.52) 0.2(1) —1P

1 79 3871) 9.9 5.2 1.2 2.22) 0.31) —1b

2 80 3291) 9.7 5.3 1.2 1.43) 0.33) —1°b

3 81 2911) 9.6° 53 1.2 1.24) 2.0(5) —1°b

aDetermined using the procedure described in the text, with an estimated erd.05 cm .,
PNot floated in least-squares fit.
‘Estimated from REMPI-PES data and isotope stsifte texk

given isotopomer, the values afy, a, andb are also very Figures %a) and §b) show representative REMPI-PE
similar, suggesting that the same homogeneous and hetergpectra associated with features belonging tothe X pro-
geneous predissociation mechanisms are active and that theiressions in N and ND;. Consider the spectrum shown in
relative rategcf. NH; and ND;) are likely to be similar. Fig. 5@a), recorded at a wavelength of 260.77 nmwv(2
The main aim of this study was to clarify the REMPI =76 674 cm?), the deduced origin of this progression in
spectrum of ammonia at energies above Eiestate origin
(at~73 000 cmi?) and up to the first ionization energy. Five
clear progressions have been identified amongst the myriad
of new features seen in this work; these are now discussed in (@ ®)
turn. o

C. The F' A (5paj«1aj) Rydberg state

Two of the five progressions will be shown to belong to 34 36 38 40 42 o ey W
" " ) =, =, Photoelectron Kinetic Energy / eV Photoelectron Kinetic Energy / eV
the samenpa,<— 1a; Rydberg series as tH@' andE’ states " "
and are indicated in Figs. 2 and 3; spectroscopic parameters (g @
for both NH; and ND; are listed in Table 1V. The appearance
of each feature is similar to those observed in@e- X and
E’—X progressions, characteristic of a parallel two-photon
transition from th_e ground electrqnlc s.ta}te, while thelr Spac- T T AT we ae T T e
|ngs are |nd|Cat|Ve Of progreSS|onS |ﬂ2 . Unamb|guous Photoelectron Kinetic Energy / eV Photoelectron Kinetic Energy / eV
proof of the quantl,'lm number Iabelmg shown in Table IV FIG. 5. REMPI-PE spectra of a room-temperature sample obtained follow-
comes fror_n qnaIyS|s of the REMPI-PE spectra recorded folfg excitation of (a) NH, at 260.77 nm (2=76 674 cm?), (b) ND; at
lowing excitation at energies resonant with these features. As60.422 nm (Z=76776cm?), () NH; at 25472 nm (2
has been demonstrated many times previoffsf the — =78495cm?), and(d) NH; at 269.75 nm (2=74 119 cm*). On the
analysis of such spectra can provide considerable insight intBasm of the measured photoelectron kinetic energles. we deducg that these
. . . - . two photon resonances involve th% Bands of, respectively, transitions to

the vibrational and electronic characteristics of the interme- =~ ~ ~  Lnn
. - . the NH; (F' *A;), NDg (F' A]), NH; (G’ *A;), and NH, (F” A}) Ry-
diate state [_)rOVIdIﬂg resonant enhancement which often caRperg states. The other peaks that are not labeled in the spectra are discussed
not be obtained in any other way. in the text.
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NHa. The kinetic energyKE) of the larger, faster peal.08 NH, FAL- K AL
eV) is entirely consistent with three-photon ionization yield-
ing parent ions in the zero-point level and this, together with 2; 2,

REMPI-PES data for the other member of this progression,
and the expected propensity fAp =0 transitions upon ion-
ization from a Rydberg member belonging to a series con- Simulation
verging to the same ion core, leads us to conclude that
REMPI proceeds via an electroniRydberg origin level at

~76 674 cm. The other peaKat KE=3.62 eV} indicates (@ (b)

formation of some ions carrying-0.46 eV of internal en-

ergy. This corresponds to four quantagf, the parent ion Experiment

bending vibration, and appears as an inevitable consequence

of the overlappingE —-X 24 band at the two-photon energy. 78515 78520 78525 78530 78535 79465 79470 79475 79480 79485 79490

Two-Photon Wavenumber / cm™ Two-Photon Wavenumber / cm’!

In fact, the C’' —X 232 band also contributes to the room-
temperature two-photon excitation spectrum at this energf!G. 6. Jet-cooled 2 1 REMPI spectrum ofa) the 25 band andb) the 2

and, indeed, the correspondlng peak can be seen in tH)énd of the NIj(F’HX) transition, together with the corresponding best-
REMPI-PE spectrum at KE2.45 eV fit simulations of these two-photon excitation spectra obtained using the

o parameters listed in Table IV, but either fixing taeand b linewidth pa-
Use of the modified form of the Rydberg formefa rameters to zerémiddle) or to the nonzero values given in the Taliep).

v=IE—R/(n—6)?, 2) , _
lated assuming zerfmiddle panel and nonzerdtop panel

where |E is the ionization energy for forming the parent ionvalues of the linewidth parameteasandb, using the same
in v =0, gives a value ofr{— §) =4.48. Taking the principal rotational temperature and floating the linewidth parameter
guantum numbem=5 implies a quantum defect o6 g in both fits. By fixinga andb to zero, a bigger linewidth
=0.52 for this state, which would be fully consistent with anis needed in the best-fiiFig. 2(a): wo=0.5(1) cm? cf.
assignment involving electron promotion tgaRydberg or-  0.3(1) cm® for a,b#0; Fig. 2Ab): wy=0.6(1) cm* cf.
bital. Given the parallel nature of the transition, we conclude0.3(1) cm* for a,b+ 0] but this is not sufficient to remove
that the observed progression is associated with the mext (the resolved rotational fine structure and maintain a good fit
=5) member in thenpa, (i.e., np,)«1a; Rydberg series to the experimental data. It is clear from these simulations
of ammonia. Further support for this assignment comes fronthat the linewidths show d’,K’ dependence. Again, the
the close similarity between its quantum defect and that fobands are dominated a;g(A) Q branch transitions, but also
the C’ 1Al (6=0.56) andE’ 1Al (6=0.54) states. Follow- show weakeO, P, R, andS branch features associated with
ing the “historical” convention for labeling the electronic the T3(A) component of the two- -photon transition tensor.
states of ammoniawe label this state the’ 1A] Rydberg One interesting point regarding ti€ state of NH is
state. the v, dependence of the linewidth parametésse Table

The rotational constants for any given level of thelV). The homogeneous linewidthy falls, to~ ~0.3cm L, for
c’ Y andE’ 1A} states are very similar. It might therefore levels withv,=2. This is in stark contrast to _the order of
be expected that the same will hold true for fieA; state  Magnitude largew, values found for th€’ andE’ states of
levels. Such a presumption proved particularly useful wheNHs, which increase with increasing, . Such observations
starting to simulate the experimental data, since all of theuggest that the homogeneous predissociation mechanism
observed bands are devoid of resolved rotational structurevident in theC’ andE’ states is less efficient for the’
Thus theB’ andC’ rotational constants were initially fixed state, especially when,=2. The largerw, values deduced
at the average values derived for the corresponding level dbr the @ and 2 levels may well reflect their accidental
theC’ andE’ states, and then manually adjusted to improveclose resonance to dark dissociative states whose coupling to
the fit of the calculated line positions of the more intensetheseF’ levels may be mediated by the neaby2* and 2
transitions to any partially resolvable structure on thelevels, a near degeneracy that tunes out of resonance with
REMPI feature. These structural constants were then fixethcreasingu .
while a least-squares band contour fit was performed to de- As discussed above, the nonzero values @ndb de-
termine most of the remaining parameters. The values sduced for the NH F’ state levelgTable IV) provide clear
derived for the 2 levels of theF’ state of NH are shown in indication of a heterogeneous contribution to the overall pre-
Table IV. The lack of resolvable structure meant that it wasdissociation. A good fit to the data required uséef—1, as
not possible to float all of the parameters afdandb were  for the C' and E’ states, consistent with all three of these
clamped at 1.2 and-1, respectively. Such values are sen-'A] symmetry states predissociating via gy (in-plane
sible and consistent with those found for tte and E’ rotationally induced Coriolis) coupling. This rotation trans-
states(see above Figures €a) and @b) show _expanded forms ase” in D3p,, implying that theA}/A; vibronic levels
views of the 2+1 REMPI spectra of the N§r|(F’<—X)22 of the F' state of NH predissociate via coupling to disso-
and 2) bands along with two accompanying best-fit simula-ciative states oE"/E’ vibronic symmetry. The magnitudes
tions of each band, showing the typical signal level and qualef the parametem used in modeling the “unperturbed”
ity of fit for this progression. The two simulations are calcu- (v,=2) levels are bigger than the values obtained for the
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ND,F''A’- X 'AL2¢ NH, G''A, - X 'A, 2}
3500

3000
Simulation 2500
2000

' 1500

A,/ cm”

(a) )
1000
Experiment

500

T T T T T T T T
81080 81100 81120 81140 81160 79340 79360 79380 79400 79420
Two-Photon Wavenumber / cm” Two-Photon Wavenumber / cm”

3500
FIG. 7. Jet-cooled 21 REMPI spectrum ofa) the % band of the NQ R
(F’—X) transition and(b) the 2} band of the NH (G'—X) transition, 3000
together with the corresponding best-fit simulatigagper curvesof these 2500
two-photon excitation spectra obtained using the parameters listed in

Table IV. £ 2000
1500

_ <
correspondinge’ levels in NH;. This largely reflects the 1000
reduced homogeneous predissociation width)(for these 500

F’ levels and the fact that we choose to parametrize the
heterogeneous contribution to the predissociation width in
terms of the produciya [Eq. (1)].

The REMPI-PE spectrum of N{3hown in Fig. Bb) was
recorded at_l a_wavelength ~ of 260'422_ _nm V(Z FIG. 8. Isotope Shifﬁ(vé)=vgé(NH3)—vgé(ND3) versus the out-of-plane
=76775.5cm”). The strong peak at 4.08 eV is indicative penging quantum number), for (a the npaj—1aj (n=3-5) Rydberg
of resonance enhancement by an electronic origin transitioRates:C’ 1] (O) (Refs. 7 and 25 E’ *A] (A), andF’ A} (0) and (b)
thus confirming the quantum number labeling of the ob-theB E” (3pe’—1a}) (¢) (Ref. 20 andD E’ (3de’—1a}) (V) (Ref.
served NR Vé progression shown in Table IV. The other 33 Rydberg states. The best-fit lines through the data points are alio shown
major peak in this spectrum is associated with REMPI viah thg graphs and are calculated using the more extensive data setsXdf the
the E’ 28 level, transitions to which overlap thie’ —X 0 ~ 2ndB states.
band in the room-temperature+2. REMPI spectrum of
ND;._The weak feature at KE3.71 eV is associated with the pest-fitw, value falls with increasing, indicating a
E’'—X 23 hot band in the room-temperature REMPI-PE progressive decline in the homogenegusronic) predisso-
spectrum. The overlap of the we&K — X origin band and  ciation of this state, to the extent that the best-fit simulation
the strongelE’ — X 23 band prevents precise determination of the F’' — X 2} band requires use of a nonzesovalue,
of the former band origin, even in the jet-cooled spectrumtogether witho=—1. This might indicate an accidental close
Similar arguments apply to thE’ 2* and 2 levels, their coincidence with a very short-lived background stateEof
two-photon absorptions being similarly obscured by the corvibronic symmetry, but is more probably simply a reflection
respondingE’ — X 2§ and 2 rotational contours, but the next of the fact that the effects of any heterogened@sriolis
few members of th@’_i Out_of-plane bending progression induced prediSSOCiation will be more apparent when the ho-
are clearly discernibléTable 1V). Given the parallel nature Mogeneous decay rate is slow.
of these bands and their very similar energies to those as- The very similarv, dependence of the isotope shift,
signed above in terms of the' A} state of NH, we ascribe  A(vo), in the case of th€’ andE’ states of ammonia has
this progression to the correspondiﬁg IA! (Spal—1a}) been noted previousfY/. Figure 8a) demonstrates that the
Rydberg state in N Such an assignment implies an iso- F' state term values show a similar dependence upon isoto-
tope shift] vo(NHz)— 15(NDg)]= — 102 cn'?, very similar to ~ Pic substitution, as expected faunperturbedl Rydberg
that observed for the electronic origins of tt¥ and E’  States converging to the same ion core, thereby providing
states(— 126 and— 130 cnT, respectively. further confirmation of the correctness of the proposed vi-

__The rotational constants shown in Table IV for the ~ bronic numbering of the="—X progressions in both NH
— X 2 progression of NDwere obtained in the same way as and ND;.
for NH;. Figure 7a) shows an expanded view of thet2 1 . .
REMPI spectrum of the NEF' <« X) 28 band and its ac- D- The G’ “A1(6pa;—1a;) Rydberg state
companying simulation. Tha parameters were found to be The REMPI-PE spectrum shown in Fig(ch was ob-
negligible for the NQ F’—X bands involvingu;<6 and tained following MPI of NH at a wavelength of 254.72 nm
were clamped at zero in the final fit. However, we note tha{2v=78 495 cmY). The strong peak at a kinetic energy of
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4.41 eV is consistent with three-photon ionization to theTABLE V. Band origins () for the predissociate” "Ay—X A 25
vT=0 level of the ion, suggesting that the 254.72 nm resodransitions of NH and ND;. The v, values and; quantum number labels

; ; ; _ ot ihra Jiven in Ref. 7 for this Rydberg state are also shown. Numbers in parenthe-
r)ance is associated with two-photon excnguon to a Vlb_rases represent the uncertainties for interpolation between Ne calibration lines
tionless level. The REMPI band contour points to this beingang the level of predissociation.

a parallel transition, while additional PES data involving

other members in the, progression confirms the vibrational v; volem™
guantum number labeling shown in Table IV. The weaker NH,
features evident in the photoelectron spectfiig. 5(c)] are
all explicable in terms of 21 REMPI via near resonant Ref. 7 Ref. 7 NR
levels of theC’, D" E”, E’, andF’ states, whose room- 0 741182 74 2582)
temperature band contours contribute to the two-photon ab- 1 0 75 04%2) 74974 75 02(3)
sorption at this wavelength. Using the modified Rydberg 2 L 759912) 75861 -
) i 3 2 76 97%3) 76 781
equation gives m—5)=5.47, and a quantum defect & 2 3 77 97%3) 77 748
=0.53 (assumingn=6). This 5 value is very close to that 5 4 78 9924) 78 740
obtained for theC’, E’, andF' states of ammonia and we 6 79 9975) -

conclude that this progression is associated with pe%6
—1aj electronic transition. We label the resulting state the

G’ 'A] Rydberg state of Nbi _ 2). REMPI-PE spectra recorded for each of these features

Band contour simulatiortas abovg yielded the rota-  ¢onfirm the authenticity and vibrational quantum number la-
tional constants and parameters for this progression as Iist%”ng of this progression. Use of the modified Rydberg
in Table IV. Given the poor signhal-to-noise ratio associatedequation gives a value ofn 8)=3.59 for this electronic
with these features, tH&" andC’ constants were not floated origin. We consider two possible assignments for this state.
in the least-squares fit but set manually, (edughly) the |t \ve assumen=5 the origin exhibits a quantum defect of
mean of the values for the correspondinglevel of theC’  5=1.41, which could be consistent with assignment in terms
andE’ states, so as to give a reasonable fit to the observegf the 5sa;« 1aj electron promotion, resulting in a state of
peak positions. Figure(d) shows an expanded view of the 1AJ electronic symmetry. The dia; < 1a’ excitation will
2+1 REMPI spectrum of the NiG’«—X) 25 band and its  also yield a state ofA’ symmetry, but the implied quantum
accompanying simulation. The deduced predissociation badefect (5=0.41) would indicate an unusually large degree of
havior largely parallels that found for the corresponding lev-core penetration for d Rydberg orbital which, traditionally,
els of theE’ andF’ states, though the simulation suggests aexhibits a quantum defecf~0. The former assignment,
marked increase in the heterogeneous predissociation effivhich we favor, associates this progression with the so-
ciency for theG’ v,=3 level. Again, we propose accidental called E” 'A} Rydberg state of N Colson and
resonance with a short-lived state Bf vibronic symmetry  co-workerg attributed a poorly resolved progression in the
to account for this observation: clearly the chances of acciroom-temperature vuv absorption spectrum of ammonia to
dental resonance increagg@mply because of the increased
overall state densijyas the ionization energy is r:lpproached.TABLE VI Band oriai d ass ‘ oo

Given the characteristic isotope shift dependence shown - Band origins (vg) and assignments for two overlapping

) ) . | for th | §rogressi0n$4d/4lea§ andF" 1E"— 1aj) of “structured” features seen
Lr_‘ F'Q,- 8(a), we can estimate term values for the ana 090US, poth the NH and ND; 2+1 REMPI spectra. Also shown are thg values

G’ —X 2; progression in NB: The predicted values fall very andv} quantum number labels given in Ref. 7 for tHestate of ammonia.
close to other structured bands in the REMPI spect('d'm- Numbers in parentheses represent the uncertainties determined by the width

cussed beloyy but no features unambiguously attributable to©f the feature in the jet-coole@0 K) 2+1 REMPI spectrum.
a parallel transition have been identified.

4d/af—1a) F"iE

vh vh volem™  uiE (Ref.?)  wvolem ! (Ref. 7)
—n 1 AN ’ ” NH;
E. The E" *A%(5sa;+1aj) Rydberg state 0 75 33510 0 25 205
The REMPI-PE spectrum of Ndshown in Fig. %d) was 1 0 76 20050) 1 76121
recorded at an excitation wavelength of 269.75 nnv (2 2 1 7716050 2 77079
- <1 . : 3 2 78 13050) 3 78 042
=74119cm~-). The strong peak at 3.59 eV is consistent 4 3 79 12050) 4 79029
with three-photon ionization to thQJr =0 level of the parent 5 4 80 13050) 5 80 042
ion and confirms the presence of an electronic origin reso- 6 5 81 14050 - -
nant at the two-photon energy. Again weaker features evi- ND
dent in the photoelectro_n s_pe<_:trum can all be f_i_ssigned in 75 48G50) $ 0 75 458
terms of vertical Av=0) ionization followlng transitions to 1 0 76 24050) 1 76 217
near resonant levels of the’, D", and E’ states whose 2 1 77 01050) 2 76 984
room-temperature band contours contribute to the two- 3 2. 7779050 3 g
. . ! 4 3 78 58050) 4 78 580
photon absorption at this wavelength. Table V summarizes 5 1 70 37050) X )
the observed progressidin v;) of parallel band features 6 5 80 18050)

built on this weak origin in the 2 1 REMPI spectrum(Fig.
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FIG. 9. REMPI-PE spectra of Njbbtained following excitation &) 265.12 nm (Z=75 334 cm). The strong peak at high kinetic energi@s81 eVj is
consistent with ionization to the*=0 level of the ion.(b) 262.465 nm (Z=76 178 cm?), (c) 262.251 nm (Z=76 240 cm?Y), and(d) 261.956 nm
(2v=76 326 cmY). For reference, part of the jet-cooled NB+1 REMPI spectrum within the 2 energy range of the REMPI-PE spectra(in—(d) is
shown in(e) (The three 2 energies are indicated {@) by the arrows. Note that the REMPI-PES data were taken with a room-temperature)sdinglavo
strong peaks at high kinetic energiesin are concordant with ionization from & @nd 2 level of the neutral molecule. The other peaks that are not labeled
in the spectra are discussed in the text.

this E” state. Allowing for the breadth of the absorption fea- Approximate term valuesi) for theE” — X 2( progres-
tures, the two data sets are in satisfactory agreement if thg&ion in ND; can be calculated assuming the previously rec-
earlierv, vibrational numbering is increased by one. ognized isotope shift dependen¢Eig. 8). Unfortunately,
The observation of a member of tmesaj—1ay Ryd-  apart from the § and 2 features they are all obscured by the
berg series in the MPI spectrum of Nirhight seem surpris- rotational contours of the more inten& —X 27 (n=4)
ing considering that the lower energy£4) D' A} state is  bands. The experimentally derived values for transitions
not observed in this or previous REMPI studies. This nonobinvolving theE” 0° and 2 levels are shown in Table V.
servation is presumably indicative of a high predissociation
rate for theD’ state, consistent with the breadth and diffuse-
ness of theD’ —X 2] features in the one-photon absorption F- 4d/4f—1a; and 5 pe’—1a; Rydberg states
SpeCtrUn‘K This can be rationalized in terms Ef efficient ho- The two other new progressions identified in this REMPI
mogeneous coupling to the very short-lived'Aj(3sa;  study are less clear cut than the three progressions of parallel
—1aj) state, a coupling which can be expected to declinebands discussed above. Many of the remaining unassigned
with an increase in principal quantum number on account ofeatures in the Ngi2+ 1 REMPI spectrum fit to a plausible
the increasing energy mismatch and the scaling of the cotprogression inv,, starting with a “single” feature at
pling matrix element witm 32 At the same time, however, 75334 cnmi? and continuing up to the ionization energy as a
the two-photon oscillator strength is expected to decreaseeries of increasingly structured bar(dse Table V). Inves-
with increasing principal quantum number. This, allied withtigation of these features using REMPI-PE spectroscopy
the increasing spectral congestion, may account for our norturns out to be mandatory to reveal a rather congested pic-
observation of series members witb>5. ture.
_The signal-to-noise ratios associated with the observed Figure 9a) shows the REMPI-PE spectrum of Nie-
E"—X features are quite low and, as a result, we only esticorded at an excitation wavelength of 265.12 nmy (2
matev, values by least-squares band contour fitting with all=75 334 cmi%). The appearance of a strong peak at 3.81
other excited-state parameters clamped at values appropriad®, indicative of parent ion formation in its zero-point level,
for the corresponding 2levels associated with thepaj identifies an electronic origin resonant at the two-photon en-
—1aj Rydberg series membe($ables I1-IV). ergy. The kinetic energies of the two other peaks in this
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spectrum indicate formation of ions carrying, respectively,

0.19 and 0.44 eV of internal energy, neither of which are @ ®
readily explicable in the light of our discussion thus far. The

former corresponds to no integer multiple f but is con-

sistent withv; .>*38 Energetic considerations therefore sug-

gest someaccidental involvement from theE”4 level in T e I
the 2+1 REMPI process at this wavelength. We note for

future reference that this level will haE”(*:Aj®e’) vi- © 2 @
bronic symmetry. Given the Franck—Condon propensities as- ’

sociated with vertical excitations in ammonia the most at- o°
tractive interpretation of an internal energy of 0.44 eV must
be 4v, . None of the parallel progressions discussed above
show a~% band at this energy, but the previously docu-
mentedD"” E”"— X(4pe' —1aj) transition doeg,and we
progos_ehthﬁ_t itis _th-lphOtlor;] re_sonance e_rtl:arf]cerﬁenﬁ asso§vithin the Zv resonant energy range of the REMPI-PE speldtrrand (d)]
ated with this excited level that is responsible for the sloweshpained following  excitation, respectively, ato) 265.0 nm (%
photoelectron peak evident in Fig@. Use of the modified =75450cm?) and(d) 257.0 nm (Z=77 790 cmY). The peaks that are
Rydberg equation yields a value{ 8)=4.01 and a quan- labeled in(c) and(d) are consistent with ionization from the level indicated
tum defects= — 0.01 if we assume = 4. characteristic of an in the neutral N@ molecule. The other peaks that are not labeled in the
. o ! . spectra are discussed in the text.
electronic excitation to a- or f-Rydberg orbital. Attempts
to_model the 75334 cht feature in terms of a'Aj
—XA] or A}—X 'A] two-photon transition(such as
might arise as a result of the respectivéad—1la; or

35 36 37 38 39 40 39 40 41 42
Photoelectron Kinetic Energy / eV Photoelectron Kinetic Energy / eV

,_G. 10. (a) and(b) Two parts of the jet-cooled N2+ 1 REMPI spectrum

the presence of another origin level at76 200 cm?.
REMPI-PE spectra obtained when exciting via higher mem-
4faj—1lay excitation, or as 'E"-X'A; (e.g., 4l€'  pers of this presumed progression show a generally similar
«—1aj or 4fe’—1aj) or 'E'—X 'A] (e.g., 4l€’—1aj or  pattern. In each case we observe photoelectron peaks indica-
4fe”—1aj) two-photon transitions, all proved inconclusive tive of 2+1 REMPI via the respective™devels built on the
but, given the deduced symmetry of the other vibronic levelsrigins at~ 75 334 and~76 200 cm?, and via the corre-
contributing to the two-photon resonance enhancement, it isponding near resona®’ 2"4% vibronic level. Thus(apart
tempting to suspect that the deduced electronic origin majrom vibronic contributionsthe photoelectron data suggests
have'E"” electronic symmetry and that vibronic mixittgnd  that the “structured” progression evident in the REMPI
accidental near-coincidence in energccounts for the un-  spectrum of NH involves contributions from at least two
expected showing of the, feature in the REMPI-PE spec- electronic  states with origins at ~75334 and
trum [Fig. 9a)]. ~76 200 cm*. Using the modified Rydberg equatit® we
Figures 9b)—9(d) show REMPI-PE spectra of NHe-  obtain a quantum defect valué~0.66 (assumingn=>5)
corded at excitation wavelengths of 262.465 nmv (2 which suggests that we are dealing with an excitation popu-
=76178cm?), 262.251 nm (2=76240cm?), and lating a p Rydberg orbital. All the evidence points to the
261.956 nm (Z=76 326 cm}), resonant with what appears F” lE"(5pe’«1aj) state being responsible for the
to be the next membew{=1) in the bending progression ~76 200 cm?* origin; the relative ordering of the
built on the 75 334 cm' origin (see Table V. For refer- F” 1E"(5pe’ —1a}) andE’ LAj(5pay—1la}) states mim-
ence, an expanded view of the relevant part of thel2 jcs that of the thoroughly document&andC’ states aris-
REMPI spectrum of jet-cooled ammonia molecules is shownng from the correspondingB—1a)y electron promotion.
in Fig. 9e). However, it must be remembered that the cor-  The features in the 21 MPI spectrum of N (Table
responding REMPI-PE spectrum were taken with a muchy|) that appear to correspond to this progression in; i
warmer parent sample under which conditions the structuraye a similar appearance, i.e., a number of sharp features on
in Flg QE) is more dispersed. Clearly, the form of the top of a broad backgrounb;ee F|gs ]_Q;_) and ]_Qb)] The
REMPI-PE spectra vary sensitively according to the precisREMPI-PES data associated with this “progression” of fea-
excitation wavelength, pointing to contributory resonancewyres shows many similarities with that seen for JNHigure
enhancements from more than one intermediate level. Alf(c) shows the REMPI-PE spectrum recorded at an excita-
three spectra show a peak at a kinetic enerd@/9 eV, con-  tion wavelength of 265.0 nm (75 450 ¢f). The highest
sistent with REMP!I terminating on the, =1 level of the  energy featurdat 3.82 eV is associated with formation of
ion and with our presumption that thé Zevel built on the parent ions in theip " =0 state, implying the presence of an
75334 cm* origin must contribute to the two-photon reso- electronic origin providing resonance enhancement at the
nance enhancement at these energies. The peak w@fo-photon energy. The energy difference between this two-
KE~3.71 eV evident in Fig. @) is consistent with 21  photon resonance and the 75 334 ¢rorigin in NHg is fully
REMPI via theE” 214! level, again paralleling behavior de- consistent with the isotope shifts identified for other Rydberg
duced for REMPI via the 75 334 cmfeature. More surpris-  origins in NH; and ND; (recall Fig. § and we similarly
ingly, however, the strongest peak in Fighp(at a KE of assign this electronic origin in NpDin terms of a 4i/4f
3.98 eV} indicates ion formation in the* =0 level and thus  «1aj electron promotion. The most intense peak in Fig.

Downloaded 11 Nov 2004 to 145.18.135.91. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 108, No. 16, 22 April 1998 Langford et al. 6679

TABLE VII. Approximate band origins £,), quantum defect$s), and TABLE VIII. Electronic origins and quantum defects, of the new Ryd-
provisional assignments of five new Rydberg states of, Nbtained from berg states of ammonia observed in this study.
the analysis of theJ value of the dominant ion product in REMPI-PES

spectra recorded at a resonant energy near the ionization potential. volomt
v volemt E) Assignment State NH; NDg 2
a 77 86010) ~0.05 (5d/5f —1a%)08 E" *Aj(5sa;— laj) 741182) 74 2582) 141
2 79 6945) 22 4d/4f—1a) 75 34410) 75 48050) 0.01
3 80 6085) 23 F" 1E"(5pe’ —1a}) 76 22450) 76 24050) ~0.70
4 815625) 23 F' 'A{(5paj—1aj) 76 6741) 76 7705) 0.56
qr 1gn ’ m 00 G’ lA:’l(Gpa;‘ilag) 78 4941) - 0.53
0 79 29%5) ~081 H" *E"(7pe’ —1a3)05 (5d/5f —1a}) 77 86010) . 0.05
~ ar 1gn ’ " -
0 79 5605) ~0.50 H' 1A} (7pale 1a})00 H" 'E"(7pe’ —1ay) 79 2985) 0.81
2 81 3955) 22 H' 'A|(Tpaj—1aj) 79 5605) - 0.50
B T 1E"(8pe’ —1a}) 80 02q10 - 0.82
a 80 02010) ~0.82 1" 'E"(8pe’ —1a})0] I *Al(8paj—1aj) 80 2255) - 0.47
1 80 9355) 2
- #From the NH data.
0 80 22§%5) ~0.47 I *A;(8pal—1aj)0d
1 81 1255) 2

. . " .
ot observed in the REMPI-PE spectrum but extrapolated from the bandYet again, we note the dominance of thp<—1a2 transi

origin of the other features in the, progressions. tions in the 2+ 1 REMPI spectrum of this molecule.

IV. CONCLUSION

10(c), appearing at a kinetic energy 613.52 eV, indicates a This paper presents detailed measurements of thé 2
propensity for formiqg ND ions in the_irv_§=_3 level. T_his REMPI spectrum of ammonidoth NH; and NDy) at higher

can be understood in terms dfv =0 ionization following  energies than hitherto, up to the first ionization energy.
transition to the near resonar’ 2° level, the room- Complementary analyses of the wavelength resolved REMPI
temperature band contour which contributes to the tWO-Spectrum and the accompanying REMPI-PE Spectra has led
photon absorption at this wavelength. Somewhat surpristo the identification of ten new Rydberg origins of the NH
ingly, REMPI-PES measurements at the slightly longermolecule(four in the case of NB) which are summarized in
wavelength of 265.12 nm (75416 ¢i) show this weak Table VIl and, in most cases, the accompanying out-of-
feature[evident in REMPI spectrum shown in Fig. @ to  plane bending vibrational progressions. Upper state rota-
be associated with thE’—X 23 hot band transition. Anal- tional constants and qualitative predissociation rates for sev-
ogy with NH; suggests that we should find evidence for theeral of the observed vibronic levels have also been calculated
correspondingF” 'E"(5pe’«—1aj) transition at slightly using a least-squares band contour analysis.

higher energy. Its origin band would be expected to fall  Finally, we note from Fig. 8 that the average isotope
within the broad resonance centered~af6 250 cmi?, but  shift of the origin level for the observed Rydberg states of
appears to be too weak for certain identification. Howeverammonia is{ vo(NHs) — vo(NDj3) ) = 120+ 40 cm L. Assum-

the REMPI-PE spectra show clear evidence of fé ing that the quantum defects of the Rydberg states of ND
— X 2§ progression at higher energies. FigurédiQobtained ~ Will be very similar to the corresponding states in jkhe
following excitation at 257.0 nm (77 790 ci), shows one adiabatic ionization energy of NPcan be estimated as
example: the peaks appearing at 4.07 and 3.97 eV are indic82 280+ 40 cm ™.

tive of parent ion formation in the, =2 and 3 states, and
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