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MATI spectra of NH have been recorded using two-color421') multiphoton excitation via th& andC'

states and have been simulated using multichannel quantum defect theory. New vibrational bands in the
MATI spectra are reported for intermediate levels upr4o= 6 in the B state. The spectra obtained should

in principle be identical to ZEKE spectra recorded under the same resolution. A good agreement between
experiment and theory is obtained by using quantum defects determined previously from optical spectra and
optimization of unknown parameters. The effectpof-dd mixing in the core region are included to account

for “forbidden” transitions, and the optimization of quantum defect parameters is used to quantify the strength

of this mixing. Molecular symmetry group arguments are used to define which channels must be included in

the quantum defect matrix. The paper demonstrates that in favorable cases a complete theory of ZEKE/
MATI line intensities is achievable including the effects of bound-state couplings.

to experimental results has been obtained in many cases, small
(but significant) deviations remain because these calculations
do not include the interactions between bound Rydberg states
and the photoionization continuum. Continuum-continuum
couplings are included however and these are closely related
to the bound state interactions. A related model, using symmetry
arguments to predict allowed transitions and intensities, has been
proposed by MUer-Dethlef$® and applied by him to the ZEKE
spectrum of ammonia via tHgstate!! The model incorporates
some aspects of the MQDT frame transformations presented in
our work, but does not include the effects of bound-state channel
interactions and hence does not fully explain the experimental
data. Signorell and Merkt have proposed a set of general
symmetry selection rules for photoionization of polyatortics
using the molecular symmetry group. These rules are based
solely on group theoretical considerations and assume conserva-
tion of the total angular momentum only, hence providing a
listing of all ionic states accessible from a particular intermediate
state. These rules provide a very useful general framework but

resolved spectral line positions has been relatively straightfor- they make no distinction between direct transition intensity to
ward (CHi™ being a notable excepti®j the interpretation of the channel of interest and !ndlrect access via channgl coupllngs;
intensities, in almost every case where rotational structure hasthus, they are all-embracing but do not necessarily provide
been observed, is complicated by channel interactions amonginSight into the intensity mechanisms at work in a ZEKE or
the Rydberg series and continua. MATI spectrum.

To date a variety of approaches to the problem of ZEKE/  In our work, which has developed from the first application
MATI transition intensities in polyatomics have been proposed. of MQDT to the ZEKE spectrum of 3 the symmetry
McKoy and co-workers have taken an ab initio approach to arguments of Signorell and Merkt are used to determine which
calculation of the ZEKE or threshold photoelectron spectra of channels need to be considered explicitly in the excitation from
small polyatomic hydride%:° Generally applicable propensity — an initial level, and these are then combined with a MQDT
rules for the photoionization process in symmetric and asym- treatment to find relative intensities. The MQDT approach
metric tops can be extracted from their model. These make noincorporates all channel interactions but requires only the
assumptions about the nature of the orbital from which the quantum defects and dipole transition moments as input
photoelectron is ejected and an ab initio calculation is carried parameters. The advantage of this approach is that it is able to
out to determine the orbital character. Although a good match include bound states and continua within a single formalism.
Our aim is to develop a “complete” theory of ZEKE/MATI line

1. Introduction

In a previous paperhereinafter referred to as Paper |, we
reported the observation of the rotationally resolvedH2')
MATI spectra of ammonia using tH@' state as the intermediate
at the two-photon level. We also discussed a preliminary attempt
to model the rotational line intensities using MQDT. The present
paper reports an extension of that methodology to include
I-mixing in the core region and the application of the theory to
a wide range of MATI spectra obtained via both @ndC’
states of ammonia. An excellent level of agreement between
experimental and theoretical line intensities is achieved using
only a small number of input parameters for the calculations.
New experimental spectra recorded via levels upste= 6 of
the B state intermediate are also reported.

The advent of ZEKE spectroscopy in the laboratory of Schlag
and Miler-Dethlef@3 and of the analogous technique MATI
spectroscopyin the 1990s has allowed, among many other
benefits, a new detailed view of the dynamics of photoionization
near threshold. Although in most cases the fitting of rotationally

T Part of the special issue “Edward M. Schlag Festschrift”.

* To whom correspondence should be addressed.

*Present address; IAMS Academia Sinica, 1 Roosevelt Rd Sec 4,
Taipei 106, ROC Taiwan.

10.1021/jp003728a CCC: $20.00

intensities.

An additional motivation for our work is to investigate the
creation of state-selected NHions. This would open up the
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possibility of studying the effect of variation in the projection
guantum numbeK on the reaction cross section for ien 1 + 1
molecule reactions. In effect, this could amount to comparing 4 [ REMPI NH3 7
the effect of spinning-top axial rotation with end-over-end
rotation about an axis perpendicular to the symmetry axis. In
astrophysically important processes such as

NH," +H,— NH," +H 1)

which take place in interstellar nebulae at temperatures as low
as 10 K, rotational effects on the reaction cross section might 2r
be significant.

The two states used as intermediates in the-(2) MATI
spectra reported in this paper are éE " andC' lA’1 states, 1
accessed by the perpendiculat, I~ 3p€ and parallel &, —
3pd, electronic promotions, respectively. Photoionization out
of different vibrational levels of these states displays largely
diagonal Franck Condon factors due to the similar bond lengths o

and geometries in the Rydberg state and iod\ A = vy — 02 24.00 24.25 24.50 24.75 25.00  25.25 25.50

= 0 contribution of >80% through theC state and>70% Time of Flight /us

through theB state is observed in photoionizatishand has  Figure 1. Time-of-flight profile showing the REMPI and MATI peaks
been used as a source of vibrationally state-selectegt Mis for ammonia. Bold line, laser 1 only present; dashed line, with laser 2

for reaction dynamics studié8These observations suggest we tuned to the MATI resonance.
should anticipate intense MATI transitions to states with the
same vibrational quantum numbers in the Rydberg state and co cm
ion. There is a significant difference between BandC ' states

in that the €& Rydberg orbital in thé state has a significant

degree ¢ 10%) of 3¢ character mixed in whereas tBe state o c©
is almost purep character as there is nod3state of a, 60 B(7) B(6) BG) 1
symmetry.

B2 B(1)

2. Experimental Procedures and Results B6)

Ton signal intensity /arb. units
IS
>
T
L

The experimental apparatus has been described in Paper |3 [2® B
In brief a supersonic skimmed molecular beam ofsNétluted 0 1
to 10% in argon, is crossed perpendicularly by two laser beams J[
provided by a dye laser (Quanta Ray PDL 3) and an optical | ﬂ‘ |
parametric oscillator (Quanta Ray MOPO 730) both pumped B o i iz o 55 o
at 355 nm by a frequency-tripled injection-seeded Nd:YAG laser ) One-photon wavelength /um

(GCR 290) operating at 10 Hz, 10 ns pulse length. The REMPI Figure 2. (2+1) REMPI spectrum of ammonia. The spectrum has not

signal is obtained by accelerating the ions in the molecular beampeen corrected for any variation in laser power due to the laser dye
direction to an MCP detector. The MATI pulsed-field ionization curve.

spectra are obtained by discriminating against prompt ions using

a retarding potential applied parallel to the beam direction and 15
then ionizing the higm Rydberg states using a delayed pulsed

field. Figure 1 shows the typical one-laser REMPI and two-

laser REMPI+ MATI time-of-flight signals.

2.1. (2+ 1) REMPI Spectrum of Ammonia. The (2+ 1) 101 l L 1
resonance enhanced multiphoton ionization spectrum of am- -
monia in the region 6000667250 cn! (one-photon wave- ‘e QD) 4 (
length range 333297 nm) is shown in Figure 2. The spectrum ( :
shows transitions to both th€ and B states, with long st
progressions in the, “umbrella” bending mode, as discussed
above. The simple appearance of the spectrum is due to the METEEY
significant rotational cooling < 15 K) in the supersonic B(v.=5) ! \(‘ ln |‘ \
expansion of the molecular beam, which results in only the 0 0 2 A
1;, and } levels of the ground state being significantly occupied
(the notation used isk). Transitions were assigned by com-
parison with the work of Conaway et ¥l.and confirmed in
this work by spectral simulation using ti@' state constants
from Nieman and Colsdfiand Ashfold et all and theB state
constants determined from a high resolution study also by the recorded by applying a continuous discrimination field of 0.46
Ashfold group!® A typical pair of vibrational bands and the V/cm in the direction parallel to the molecular beam followed
simulation of them is shown in Figure 3. by a delayed pulsed field of 5 V/cm to ionize the Rydberg states.

2.2. The (2+ 1) MATI Spectra of Ammonia. 2.2.1. It was found that the use of a significantly larger discrimination
General Features of the MATI Spectiithe MATI spectra were field led to the elimination of the MATI signal, presumably

‘M
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Figure 3. 2+1 REMPI spectrum via th& (v, = 5) andC (v, = 0)
states with (a) experiment and (b,c) rotational line strength simulation.
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Figure 4. MATI spectra of NH with excitation from different

rotational levels of thd3(2) state; (a) via the para, &vel and (b) via

the ortho 3 level. lonic thresholdsNi, are indicated above the  Figure 5. MATI spectra of NH with excitation from different ortho

spectrum; long solid lines indicate thresholds accessible frqmr a rotational levels of thd3(4) state; (a) via the3level, (b) via the 2

intermediate, short solid lines indicate thresholds accessible frddn a  level, and (c) via the 4l level. lonic thresholdsNer are indicated

intermediate and dashed lines indicate thresholds inaccessible accordingibove the spectrum; long solid lines indicate thresholds accessible from

to the rotation spectator model (see text). apz intermediate, short solid lines indicate thresholds accessible from
o ] a do intermediate and dashed lines indicate thresholds inaccessible

due to Rydberg state lifetime effec¢tsSome typical spectra  according to the rotation spectator model (see text).

via theB state are shown in Figures-&. The spectra recorded

via various intermediate rotational states of (Destate were stated as follows:

shown previously in Paper | and some of these are reproduced

85900 86000 86100 86200 86300 86400
Term energy /cm”™

in Figures 711. Related ZEKE spectra via theand 3 levels Nt=J 41 Q)
of the B v, = 2 state were first reported by Habenicht et'al.,
while nonresonant two-photon ZEKE and one-photon VUV K=K =}’ 4)

ZEKE spectra have also been recorded previo#sty.

Each spectrum consists of a number of well-separated andyyherek+, 1’, andK' are the projections along ti@ symmetry
readily identifiable peaks, demonstrating that state-selection of 5xjs of the total angular momentum of the ion excluding spin
the N*and K* quantum numbers for a wide variety of (NV), the Rydberg electron orbital angular momentum in the
vibrational levels is possible using this method. The peaks jhtermediate statd'}, and the total angular momentum in the
observed in the spectra were assigned by calculating their termintermediate state))() respectively. (Throughout the remainder

energyF above the ground-state according to of this paper, quantum numbers of the ground state, intermediate
P + NFN (B or C') state, final higha Rydberg states and ion are
F(v; N ,K) =IE + G(v;) - BN'(N" + 1) + distinguished by double prime$)( single primes'{, no sub/

(C— B)K+2 (2) superscripts, and plussegs)( respectively.) The projection
guantum numbers in eq 4 can each take positive and negative
where |E is the adiabatic ionization energy of the molecule, values in the present formulation. The “descent of symmetry”
G(ug) the internal vibrational energy of the ion, and the other correlation between thBs, symmetry labels for the excited
symbols have their usual significance. The ionization threshold electron € for the B state andg, for the C' state) and thé,

of 82159.1 cm? is obtained from the work of Reiser et &}., guantum number (strictly only a good quantum numbéDddp)
while an IR study by Lee and Ok&provided the ionic rotational ~ is shown in Table 1. The first selection rule above, eq3,
constants. In the spectra presented in Figure§,4he field- expresses the conservation of angular momentum within the

free ionic thresholds for each peak are marked above therotation spectator modét,in which it is assumed that the photon

spectrum. As expected, the MATI peaks are slightly red-shifted angular momentuny is consumed only by the electron so that

with respect to the field-free thresholds. | = 1" + y. An additional requirement is that nuclear spin
2.2.2. Zero-Order Selection Rule&s described in paper I,  symmetry be conserved throughout the transition, dxho <

we can determine the basic propensity rules based on a zeroortho and para < para but ortho <X~ para

order model with the intermediate state treated as Hund’s case 2.2.3. Comparison of Zero-Order Selection Rules with the

(b) and the final state as Hund’s case (d). These rules may beMATI Spectravia the C' State.Use of eq 4 implies that in the
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Figure 8. MATI spectrum via theC'(0) 1o level; (a) experimental
spectrum, (b) MQDT simulation, parameters as described in the text

| V= and (c) MQDT simulation, all quantum defects set to zero.
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Figure 7. Channel interactions in the MATI spectrum with excitation ‘ . . s \
(a) via theC'(0) 1, level, (b) via theC'(0) 1, level. The Rydberg 83050 83100 o e 0 83250 83800
seriesnd 2; andnd 2, are marked in (a) and (b), respectively. 1oy fom

Figure 9. MATI spectra (upper trace) and MQDT simulations (lower

MATI spectra recorded via th€' 3p & Rydberg state, for ~ ace) via (a) theC'(0) 1 level, (b) theC'(0) 2 level and (c) the
which A’ = 0, peaks corresponding oK™ = 0 only should be C'(1) 2 level.

observed (wherdK* = K* — K'). The dominant transitions ~ C'(0) 1; state (Figure 9a), each show substructure. In Figure 7
in each spectrum are indeed those predicted according to thethese peaks have been recorded with a larger extraction field,
model described above e.g., in Figure 9, the main transitions broadening the field-ionization range to reveal more of the
observed via the;devel are to the {, 21, and 3 states. However, underlying Rydberg structure. These observations are a char-
transitions breaking the constraints & required by the acteristic signature of channel interactions between Rydberg
rotation spectator model and transitions accompanied by anomaseries converging on different ionic rotational states.

lous changes in thK quantum number are both observed, and  As discussed in many previous publications, e.g., ref 24,
are listed in Table 2. In addition, several of the peaks show interaction between the Rydberg electron and the ion core can
fine structure with 2-3 subpeaks evident within the main peak. induce coupling between Rydberg series of the same total
For example, the@peak in the spectrum via th@'(0) 1o state symmetry and angular momentum. If this coupling is between
(shown in Figure 8) and the; Joeak in the spectrum via the a bound Rydberg state and an isoenergetic pseudocontinuum
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Figure 11. MATI spectra (upper trace) and MQDT simulations (lower
trace), including gz/dd mixing angle of B, via (a) theC '(0) 1, level,
(b) theC'(0) 2, level and (c) via theC'(1) 2, level.

TABLE 1: Correlation of Electron Symmetries from D, to

D3n?
IA | even | odd
[100 ay ay
I + 10 e’ e
I £ 20 e e’
[l +30 a, + ay a + &,

aFrom ref 23.

Dickinson et al.

TABLE 2: Forbidden Peaks Observed in MAT| Spectra via
Various Intermediate Rotational Levels of theC' State

intermediate level “forbidden” peaks

v2, Jy

0,1 4033
0,4 32
0,2 2,3
1,2 3

Rydberg state, converging to the higher threshold. For example,
the sub peaks in the; beak can be fitted to a Rydberg series
converging on the 2threshold, as illustrated in Figure 7a. As
pointed out in Paper |, the same basic mechanism can also
couple an optically accessibleontinuum and isoenergetic
pseudocontinuum. Such an interaction is shown below to give
rise to the observed intensity in the “forbiddens geak of
Figure 8. The effect of channel interactions is evident in several
of the spectra, other examples including thep8ak AK* =

3) in the spectra via both th@'(1) 2, state (Figure 9(c)) and
the C'(0) 1o state (Figure 8), or th&+ = 2 peaks AK* = 1)

in the spectra via th€ '(0) 1; and 3 states shown in Figure
9a,b.

The intensity perturbations caused by Rydberg electron/core
interactions are a dominant feature of these spectra. The origin
of these perturbations, and detailed modeling of the perturbed
intensities, is the central theme of this paper and will be
addressed in the following sections.

2.2.4. MATI Spectraia the B State.Figures 4 and 5 show
MATI spectra recorded via various rotational levels of B{g)
andB(4) states. Thé state has a total electronic symmetry of
E", which can be decoupled into a product of the ion-core
electronic symmetnA; and Rydberg electron symmetgy By
reference to Table 1, it can be seen tHatorrelates with either
a pr or do electron inDwh. In early work theB state was
assumed to be purelgr, due to its large quantum defect of
0.8125 However, the (2+ 1') ZEKE spectra recorded via tli
state by Habenicht et al. could only be interpreted by assuming
some degree ofd charactef! Application of eq 4 therefore
leads to a selection rule &K = +1 if excitation occurs from
a pzr orbital component orAK* +2 from a dd orbital
component (subject to the additional constraints of nuclear spin
symmetry conservation). In Figures 4 and 5, states accessible
according to theAK™ = +1 selection rule are indicated by long
vertical lines above the spectrum while those accessible ac-
cording toAK* = +2 are identified by shorter vertical lines.

The AKT = +1 transitions dominate the less intensé™ =
+2 transitions, as expected. Nevertheless, there still remain some
additional peaks unaccounted for. Transitions involving large,
forbidden values ofAN™ are seen, such as the clear transition
to the & level in the spectrum via thB(4) 3; state (Figure 5a)
or the transitions to 4 5; and 6 levels observed via thE(Z)

3, state (Figure 4a). These transitions with anomalous changes
in N* can again, as in the spectra via thé state, be attributed

to interactions between channels of the same total symmetry.
In addition to the transitions accompanied by anomalous changes
of AN*, transitions involving forbidden changesKnquantum
number occur. Examples are tkg = 2 states, corresponding

to a AK™ = 0 transition, seen in the spectrum via thg 3
rotational level of theB(2) state shown in Figure 4a. These
transitions will be discussed further in section 5.

Spectra recorded via the same rotational level, but differing
vibrational levels of theB state can be compared in Figure 6.
There are only rather subtle changes in relative intensity of the

converging on a lower ionic threshold, the interaction can cause rotational transitions on changing the vibrational state, implying
intensity enhancements in the MATI (or ZEKE) peak corre- that any vibrational autoionization mechanisms in play must
sponding to the lower threshold, at the energies of the bound display essentially the same dependence on rotational level for
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each vibrational quantum number. Such an observation is The eigenvectordJi, and the eigenvalues, obtained by
consistent with previous studies of the vibrationally autoionizing diagonalization of the quantum defect matrix are employed in
state5-30 none of which observed any rotational dependence setting up a generalized eigenvalue equation

of the vibrational autoionization efficiency. In principle, vibra-

tional couplings could perturb the observed intensities in the I'A = tanatAA )
different vibrational bands either through lifetime effects (high-
Rydberg decay by vibrational autoionization) or by bound-state
couplings between the high-Rydberg states and low-
interlopers of different, .

with the matrix elements of and A given by
. =UY¥sinz( +u™), A_ =0, foriclosed (6)
o [[03 I lu(l ! o !

— 1 N) i (N) — N (N) ;
3. Multichannel Quantum Defect Theory Simulation of Lig = Ui sinaug”,  Ajq = Ujg’ Cosmu,”, foriopen (7)

the Spectra A is a matrix of coefficients in the expansion of tiNy

3.1. MQDT Formulation and Application to MATI/ZEKE independent solutions of the ScHimger equationNo is the
Spectra. To simulate a MATI or ZEKE spectrum we need to number of open channels) as linear combinations of the
calculate the excitation probability to the long-lived Rydberg eigenchannel wave functions
states that are subsequently field ionized. The quantity required
is a partial cross-section in the sense that there are normally N
degenerate continua associated with lower lying ionization W, = ZAup(E)IPa(E) (8)
thresholds that can also be excited either directly or indirectly. o«

These continua will give rise to prompt electrons/ions Upon Tpe coefficientsA and the eigenphases are used in the

excitation, which are not detected in the ZEKE/MATI experi-  cajcylation of the partial photoionization cross section to produce
ment. Although the pseudocontinua of higlRydberg states  he ion in stateN*. K+ ™.

areclosedchannels with respect to ionization, in practice it is

easier to calculate the partial photoionization cross section into e 0
an open channel than the absorption cross section to the very Oni i gt (B) = ————— Z |Di(N)(E)|2 9)
highn Rydberg states. The procedure followed below is 327+ 1) &

therefore to treat the pseudocontinuum below threshold as a . ) . . .
true continuum. The threshold of interest s artificially lowered Where is the photoNn energy in atomic units agdhe fine-
by the same amount as the lowering caused by the pulsedStructure constan'iDi( )(E).IS the reduced .dlpole matrix ele-
detection field. The partial photoionization cross section into a Ment into a particular final channelClwith total angular
particular channel for energies between the lowered ionization Momentum excluding spiNl = N* + 1.
threshold and the field-free threshold is then determined i.e.,
the partial photoionization cross section into the energy region N) N
sampled in the ZEKE or MATI experiment is calculated. DY = Zl exp(n)T;, exp@ntp)Df) ) (10)
The procedure of artificially lowering the threshold of interest -
is justified on the grounds that (a) it is a fundamental tenet of The phase factay; disappears when taking the squared modulus
MQDT that interactions between channels are approximately in eq 9,
independent of energy and therefore continuous across threshold;
(b) the transition intensity per unit energy should be a continuous N ) N
function on passing through the threshold; and (c) the stabiliza- Ti,(E) = Z Uiy €oS(—7, + 1y )Ay, (11)
tion processes that allow the initially populated higRydberg o=
states to evolve into the hi stabilized states can be N . N .
considered as irreversible in tr?:amsame sense that direct photo-amI tlheDE) ) are expressed in terms of tb” by analogy with
ionization is irreversible. Any interactions between Rydberg eq 8
states converging on different ion-core thresholds occur when N
the electron is initially in the core region where the high- DN =S pMa, (12)
Rydberg state is formed, and the ion-core quantum numbers ? QZ\ o
are then unaltered in the delay period before field ionization,
because the electron does not return to the core. The expression for the eigenchannel transition momexjs
The method used here to calculate the partial photoionization must be altered from that given in Paper | and is discussed
cross sections is based on that described by Du and Gféene, below.
who used it to analyze HD photoionization. The application of ~ Equations 5-12 have an implicit energy dependence because
this method to simulate the ZEKE spectrum ofwhs described of the appearance of, the effective principal quantum number
by Softley and Hudso#? and the preliminary applicationto NH  for the closed channeldn eq 6. The equations must therefore
is described in Paper I. In the following only the essential be evaluated on a fine energy grid over the ZEKE detection
features and changes from the previous work are highlighted. range for each threshold of interest.
Following the approach of Du and GreeHaye set up amlN 3.2. Construction of the Quantum Defect Matrix: Ap-
x N matrix of the quantum defect operapoin the basis set of  plication of Molecular Symmetry Selection Rules As shown
N Hund’s case (d) long-range channg$including both open  in eq 9, the partial photoionization cross section at a given
and closed channels. In the present work the labepresents threshold is calculated by summing the contributions from
the core quantum numbel, K*, v+, the Rydberg electron  different possible values of Rydberg angular momentwamd
quantum numbet, and the total angular momentum excluding the total angular momentum (excluding spii), A separate
spin, N. The off-diagonal matrix elemengs; encapsulate all quantum defect matrix is constructed, and the calculation of
the interactions between the channels. the Di(N) repeated, for each value df satisfying the selection

No
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TABLE 3: Rovibronic Symmetries for Given Total Vibronic Symmetry T\

Te I'rya K=0 1 2 3 4 5 6
~ sd, g A E E" A, E" E A
Al pa, Al E"” E AY E' E" Al
E" pe, dée E" A+ F E" + A E+FE A+ E E + A E"
E de’ E' A+ E E + A E'+E" A, + F E" + A) E'

2The vibronic symmetries in column 1 correspond to the Rydberg symmetries in column 2 when the latter are multiplied;rp\teonic
symmetry of the ion-core ground state.

rule Te=F for | even

N—J=0+1 (13) For even, vibronic states of the ion, the ion-core vibronic
symmetry isI'e = A;, and isA,, for _odd-yg. The rovibronic
symmetries of the ion-core statd¥>, vary with the K*
qguantum number, and these are listed for all possible vibronic
symmetries in Table 3. By reference to row 1 it is evident that

the channels accessible in the ground vibrational state (or states

The Hund’s case (d) long-range channels which should be
included are all those that obey the total rovibronic (rve)
symmetry selection rules for the transition> f,32

i f *
Fe®lne DT (14) with evenw,) of the ion are
The antisymmetric representation of the molecular symmetry Kf=24 forl odd E" levels)
group,I'*, transforms asA} in Dz,. Channel interactions will
occur between levels of the same total symmetry, and therefore Kt=1,5 forl even E' levels)

some channels must be included that might not obey the

expectedAl = £1 selection rule from the intermediate state. all of which are para states as required. From eq 13, the total
The final state symmetry,, is resolved into a product of ~ angular momentum in the state reachedNis= 1-3 for
Rydberg electron and ion-core symmetries and, as pointed outéxcitation fromJ' = 2. Use of eq 15, together with the results
by Signorell and Merkt? in the long-range region, where the ~above, leads to the final case (d) stgtéSK*INClisted in Table
excited electron is completely decoupled from the ion core, the 4 for excitation from theC’ (0) 2; level.

electronic wave function will be unaffected by the nuclear ~ The multichannel quantum defect theory requires a frame
permutation operations. Hence the wave functions of éven- transformation from these Hund’s case (d) channels appropriate
Rydberg electrons will transform as the totally symmetric for the long-range region into the eigenchannel basis appropriate
representatioiis of the molecular symmetry group while odd- ~ for the close-coupled core region, which is approximately
Rydberg electron wave functions will transform as the anti- Hund’'s case (b). The transformation must conserve the total

symmetric representatiof, i.e., rovibronic symmetry (i.e.E’ in the example given above). In
contrast to its behavior in the long-range region, the Rydberg
rir?/g@, AlD rﬁve for | odd electron wave functiois affected by the symmetry properties
of the molecular framework when in the core region and it
rm ®A S F];ve for | even transforms according to the irreducible representations of the

s, p, d, etc. orbitals in theDs, group, as listed in Table 1 and
ref 23. To determine which Hund’s case (b) type channels are
to be included, we proceed as follows. First, the possible total
vibronic symmetrie§", for each value of included in the long-
range quantum defect matrix are determined by taking the
product of the Rydberg and ion-core vibronic symmetries:

We note in passing that this symmetry classification of the
Rydberg electron wave function in the long-range region differs
from that used by Miler-Dethlefs in reference 10. The following
additional restrictions also apply to the channels that should be
included:

e Nuclear spin symmetry is conserved throughout the transi-
tion i.e.,ortho <> ortho andpara <> para but ortho <X%— para.

« The allowed values ofi* for given N andl are found by
the relationship

Iﬂve = Iﬂiloen ® IﬂRyd (16)

where for the ground-state io,o" = Ay. For example the
Rydberg electron symmetriesd,, pa, and p€ give total

N=N"+1 (15) vibronic symmetried’. = A;, A} andE" respectively for the
ionic ground state. For each of these total electronic symmetries,
As an example, for the case of excitation via &H0) 2; state we then find all the rovibronic states with the appropriate total

symmetry E' in the above example) from the listings in Table

which hasI',. = E", substituting into eq 14 gives . .
rve 9 q 9 3. Table 5 lists the result for the' states withN = 1 to 3. It

E'Qr A should b_e not(_ad tha_t the total number of states _in both Tables
e 1 4 and 5 is 46 including degeneracies; this equality must occur
implying for all symmetries because the frame-transformation is repre-
sented by a square matrix, and there must also be the same
o —p number in each table with a given total angular momeniim
rve

In Du and Greene’s woPk applicable to diatomic molecules,
the eigenstates of the quantum defect matrix, have a definite
projectionl of the Rydberg electronic angular momentum along
the internuclear axi& this was assumed to be a good ap-
ion ., proximation in the case of ammonia also in Paper |. However,
I'we=E for | odd in D3, symmetry] is not strictly a good quantum number and

Thus, it is the channels witR' symmetry overall that must be
included in the quantum defect matrix leading to
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TABLE 4: Case (d) Channels ofE' Symmetry Accessible via
the C'(0) 2, State (eveny, Channels Only)
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TABLE 6: Values of the Diagonal Quantum Defects Used in
the Simulations

N* K* |

4

10 ss po pr do  dr  dd fo,fx, 09, fp

o o
N

NN
I

GUORWONRPARONWN PR
URRPRRPREPERERANNNRERBR
NNNNNNRRPRROOO
WWWWWWWWWWWN -

TABLE 5: Case b Channels (everw,) Accessible via the
C'(0) 2, State with E' Symmetry?

IA Toe K N
so(ay) A) 1 1,2,3
po(ay) A 2 2,3
pr(€) E’ 1 1,2,3

3* 3
do(ay) A 1 1,2,3
dr(e’) E 0 1,2,3
2 2,3
do(€) E" 1 1,2,3
3* 3

aThere is a double-degeneracy associated with each valdé of
excepting those marked “*” for which there is a quadruple degeneracy.

instead the eigenstat@sli.e., the close-coupling basis should
be classified according to the Rydberg electron symmetry in
D3, represented bl/Ryd, For example the channels represented
in D.n by the Rydberg electron quantum numbprsand do
both correlate witle symmetry inDs, (See above), and therefore
the eigenchannels of this symmetry may have migadand

do character. This effect shows itself in the character ofihe
state, from which the transitions arising originate from both the
pr anddo components of the' orbital.

To incorporate thisl mixing effect into the behavior of the

0.8 0.5 0.8 0.06 0.025 0.08 0.0

aReference 272 Reference 34¢Reference 35! Determined by
fitting to experimental data, as discussed in text.

u

i

As written above, the quantum defect mai®y e
allows for the possibility of coupling between states of differing
vibrational quantum number;*. Inclusion of this vibrational
interaction allows the effect of vibrational autoionization and
the relative intensities in different vibrational bands accessed
via the same intermediate state to be calculated. However, the
spectra reported here were only recorded in the energy range
corresponding to vibrationally diagonal transitions, and the
MATI spectra show no evidence for vibrational coupling, even
though Av, = —1 vibrational autoionization is known to
occur?6-28 This is illustrated by the remarkable similarity
between the spectra recorded via the same rotational levels of
the differing vibrational components of th# state shown in
Figure 5. The term in square brackets in eq 17 was therefore
approximated by a singl®-independent quantum defect pa-
rameteru,,,, and the matrix elements gf off-diagonal in
vibrational quantum number are ignored.

The diagonal quantum defe(;ugJ,1 are approximated by the
spectroscopic quantum defects for Ibatates of the appropriate
symmetry obeying Hund’s case (b). Spectroscopic studies by
Glownia et aP® of the n = 3 and 4 Rydberg states and by
Langford et aB* and Cramb and Wallaéeon highern states
have provided values for the p, andd quantum defects for
different values oh. The so series show some variation in the
value ofu with principal quantum number. Although most of
the values are close to 0.89, occasional values are much smaller
or larger. These anomalies are attributed to configuration mixing
in the core region and the value of 0.89 is used in the studies
presented here. Of trg p, andd quantum defects, only thi
is undetermined. Thedd Rydberg states are yet to be seen
spectroscopically, presumably because they are optically inac-
cessible from the ground state, and sodbejuantum defect is

high-n Rydberg states and continua, the elements of the quantumused as a variable parameter in our calculations. Values of the

defect matrix are written (in a generalization of the formalism
given in paper 1),

ﬂf;lj)r\l+K+l,u+'N+'K+'|' = Z [NJrKJrMKIﬂN) X
1 fTn)

[ dRG " IREN ™ Ol (R) R T kN
(17)

where the notatioy r Y 1,12 r) represents a sum over the possible
Rydberg electron symmetrieB and, for each symmetry, a
further sum over the allowdd combinations (see Table 1) (e.g.,
pr, dd for I' = €, so, do for I' = a)).

In eq 17 @F|RINKY) represents the vibrational frame
transformation and is given directly by the vibrational wave
function of the ion core in the long-range stéte The rotational
part of the frame transformatiofN"K*|AK[IN), is given by

1/2
(2N+ + 1)1/2

I N N
-1 K —k*

2

1ot N) _ /4 \N+A-N*
NTKTAKAN = (—1) 150,

) (18)

guantum defects used in the simulations are listed in Table 6.
The off-diagonal matrix elemenpsﬂ,l.l. are only included

for the pn/dd interaction. A mixing angled is introduced,

following a similar treatment to that used by Fredin et al. to

analyze spectra of theandd Rydberg series in NG8

iy = > Mo Ol a1 T (19)
08

where the|aOare the true electronic eigenchannels, labeled
according to their dominant angular momentum compongnt “
The elementsii|aJof the frame transformation are given by

[l]/1|alﬁ=6|lya forI' = ¢

(| pr’ (9 = [@6]°dd’ 9 = cosh

— [por]*do’ [ = @] pr’ 9 = sin @ (20)
Mixing between othefiACchannels of the same symmetry, e.g.,
soldo, dz/fd, is assumed to be negligible since no evidence for
it is seen in the spectra.

3.3. The Dipole Matrix Elements.To incorporate the/
doé mixing, the eigenchannel transition moments are written in
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TABLE 7: Radial Dipole Matrix Elements for Final_
Rydberg Electron Symmetries Accessible from theB State®®

final Rydberg

B state charactet'q") electron symmetry do%8
p so 0.06
p do, dr, do 0.217
do pr 0.314
do frr, 10, fop 0.402

the form (again generalizing the previous expressions in Paper.

):
DM = > (unH™ Z K AN > Mol
1 IA(T') o
[@r | IK'A'0(21)

The transition momenid|r|J'K'A'(to the eigenchannegbis
approximated by the dipole transition moment between two
Hund'’s case (b) statd®lKA|r|JK'A'Tan expression for which

is given in ref 37. Here an analogous equation is used to that
given in ref 37, without explicit consideration of parity, in which
each of the quantum numbetsK*, K, andK' can be positive

or negative:

1/2

1
INKA|r [JK'A O= §(2N + 1Y+ 1)@+ 1@+ 1) x

2o ool 22

wherev can take the values1, 0, or 1 andl, is a one-electron
radial integral determined as described below.

For the excitation from the®r orbital of theC' state,so,
do and dr Rydberg Hund’s case (b) channels are accessible
according to eq 22. Hence if thilg are viewed ag-independent
parameters, only the ratio gf — d to p — s radial integrals
needs to be found. This ratio has been determined by Townsen
and Reid from studies of photoelectron angular distributions
when exciting via thé state of NH.38 They quote a value for
do(p — d):do(p — ) of 3.6:1. Use of this value in the simulations
described in section 4 gives satisfactory agreement with
experiment. In addition, the above ratio was obtained from
excitation from theB state, which hagm character. The fact
that this ratio satisfactorily reproduces the spectrum when
exciting from thepo C' state supports the assumption that the
radial integrals can be taken as independent. of

For excitation via theB state, the Rydberg electron sym-
metries accessible, and the relative magnitude of the radial
integralsdy determined from the work of Townsend and R#d,
are shown in Table 7. Again use of these ratios provides
satisfactory agreement with experiment.

i

1

I N 1
00O

K v

r

B )do (22)

4. Results of MQDT Simulations of Spectra via theC'
State

An MQDT simulation of the MATI spectrum via th€ '(0)

Dickinson et al.

peak is well simulated by the Gaussian line width, no attempt
has been made to simulate the characteristic MATI peak shape
including the falling off to the red side. Intensities to the red
side of peaks in the calculated spectra may therefore appear
too large.

Examination of Figure 8a,b shows that both the relative peak
intensities and the structure within they @eak are well
reproduced by the simulation. To demonstrate the role of the
quantum defect as a measure of the extent of mixing between
the long-range channels within the core region, Figure 8c shows
a simulation in which all the quantum defects have been set to
zero. Here, as expected, the channel interactions disappear. There
is no transition intensity into the “forbidden’s4&hannel, and
the substructure within thep@eak no longer appears. Direct
excitation to the gstate is dominant, supporting the proposition
that the substructure in the Peak is due to intensity borrowing
from the stronger optical transition to thg fate. It is evident
that the quantum defects control the branching ratio into the
differing Hund’s case d channels.

The value of thedd quantum defect, the only one as yet
unknown, is assumed to lie betweerD.1 and+0.1. Within
this range, the simulations are not very sensitive to its exact
value. By varying the value ofiqs manually and comparing
the resulting simulations with the experimental results for the
four MATI spectra via theC ' state, a ‘best-fit’ value ofigs =
+0.08 was obtained. This value was used throughout the
remainder of the simulations.

Simulations of the other spectra obtained via @ state
are shown in Figure 9, in each case employing a value08
for ugs. Again the relative peak intensities and substructure
within the main peaks show good agreement between theory
and experiment. In particular, the substructure within theehk
of the spectrum via th€ '(0) 1; intermediate (Figure 9a), is
well simulated by the MQDT approach. A characteristic of each
of the spectra is the greater intensity in the transition to the
owestN™ level. The MQDT simulations make it clear that this

ffect is due to “intensity borrowing” from Rydberg series
converging on higher rotational thresholds. For example, it is
possible to identify the origin of the very narrow, intense feature
within the 1 peak of the spectrum via th@'(1) 2, state shown
in Figure 9c. By following the Rydberg series observed in the
partial photoionization cross section into the dhannel at
energies as far as 100 cfabove threshold, it is apparent that
the “spike” arises due to intensity borrowing from a Rydberg
state belonging to the series converging on th¢hBshold.

4.1.pa/dd Mixing. In both Figures 8 and 9 the mixing angle,

representing thew/dd interaction is set to zero. Inspection of
these figures shows that in each case, one or more small peaks
are not reproduced in the simulations. These are the peaks
produced from transitions with values afK™ forbidden
according to the zero-order selection rules discussed in section
2.2.1. For example, in the spectra produced via the intermediate
states withK' = 0 (Figures 8 and 9cK™ = 3 peaks are seen,
while in those viak’' = 1 (Figure 9a and b)X*™ = 2 peaks are
evident, neither of which are reproduced in the simulations as

1, state, is presented in Figure 8b, using the quantum defectspresented so far. By inspection of Table 4, in which the case d

given in Table 6, but setting the off-diagonal mixing angl®

channels accessible via ti'(0) 2; state are listed, it can be

zero. The partial photoionization cross section into each channelseen that the “forbidden” peaks are those associated with an

is calculated over a ZEKE bandwidth of 7 ctrand each box
function is convoluted with a Gaussian line width of 1 ¢hto

give an overall peak shape. The MATI peaks observed
experimentally are not normally Gaussian in shape; in many

guantum number of 1, i.e., p Rydberg electron. Given that
the selection rule on the electronic part of the transitionlis

= 41, there can be no direct transition intensity to these states
from the 3o intermediate. Instead they must be appearing as a

cases they have a sharp rise to the blue side of the peak, a regionesult of thepsr/dd final-state mixing. Figure 10 shows the effect

of approximately constant intensity then a gradual falling off
to the red side. Although the rapid rise to the blue edge of the

of increasing the mixing anglé in eq 20 from zero in the
spectrum via th€ '(0) 1; state. As expected, increasifgllows
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Figure 12. MATI spectra (upper trace) and MQDT simulations (lower
trace), including gw/dd mixing angle of 8, via a) theB(2) 3; level,
(b) the B(4) 3; level, (c) theB(4) 3, level and (d) the B(4) 2level.
(Assignment given in Figures—b).

85900 86000 86400

transfer of intensity between the transitions to thand thep
states and hence increases the magnitude dfthe 2 peaks.
An optimum mixing angle of 5was found to give the best
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simulation in Figure 12 for the excitation from the &nd 2
levels. Similar agreement was obtained in simulations of the
other vibrational levels. In Figure 12a,b, a comparison is made
for the excitation via th&(2) andB(4) 3; levels, and it is shown
that the subtle differences in the experimental spectra are quite
well accounted for by rotational coupling only. Overall, it was
found that the best reproduction of the experimental spectra was
obtained with the dipole matrix elements for excitation out of
the dd component of thé3 state weighted by a factor of 0.5
compared to those for excitation out of the component, i.e.,
assuming a two-thirdr, one-third do character for the
intermediate state. Again the MQDT theory provides a good
reproduction of the experimental data.

6. Conclusions

This paper has presented a modeling of the MATI spectra of
ammonia using Multichannel Quantum Defect Theory. The
theoretical simulations show very encouraging agreement with
the experimental data, even though vibrational couplings are
ignored, suggesting that this method provides a good approach
to accurate modeling of intensities in ZEKE or MATI spectra.
The calculations also enable us to estimate values fodéhe
quantum defectuys = +0.08) and thepr/dd mixing angle in
the highn Rydberg states)(= 5°). The mixing angle represents
the extent to which thé quantum number remains good when
the Rydberg electron is sufficiently close to interact with the
core electrons, a form of configuration interaction.

One factor omitted from the MQDT calculations is the
presence of the discrimination field, which could lead to
additional couplings. However, Merkt et al. have demonstrated
that electric field induced couplings are unlikely to play a
significant role in molecules with large rotational constaits.

agreement between simulation and experiment, and Figures 11d he success of the simulations without inclusion of any electric
to ¢ show the improvements obtained in introducing the mixing field effects adds weight to this hypothesis.

angle in the simulations of the other spectra via @hestate. Multichannel quantum defect theory is the only method
All peaks seen experimentally are now simulated with the currently available which is able to model rotational line
correct intensities, illustrating the power of the MQDT method. intensities when bound-state channel couplings play a role. The

5. Results of MQDT Simulations of Spectra via theB '
State

Simulations of the spectra recorded via Bhetate were also

carried out, using the same parameters as the simulations vi

the C' state i.e., ald quantum defect of-0.08 and ap/dd
mixing angle, 6, of 5°, and are shown in Figure 12. The

dominant transitions in each spectrum are those originating from

thepsr component of thd® state i.e., the\K+ = 41 transitions,
with less intenseAK* = +2 transitions originating from the
dd component of theB state. As well as reproducing the
‘allowed’ transitions, the MQDT simulations also show intensity
into the ‘forbidden’ peaks associated with large changes in
rotational quantum numbeAN*. The introduction of the final-
statepsz/dd mixing reveals the origin of thAK™ = 0 transitions

fact that this is achieved in the present case using a handful of
guantum defect parameters suggests that ZEKE and MATI
spectroscopies should be regarded as fully interpretable tech-
niques.
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