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Dynamics on the ground-state potential surfaces of Eland its isotopomeres from their uv spectra
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The uv spectra of k] D,H, and D, emitted by a neutralized ion beam have been measured in the wavelength
range 200—400 nm. The spectra are continuous and show two maxima at 240 and 310 nm. Numerical simu-
lations of the uv spectra, takirap initio potential surfaces and transition moments as a starting point, explain
their bimodal structure as arising from radiative decay into the two Jahn-Teller sheets of the ground-state
potential surface. Two different lifetimeg and r, for the lower sheet and the upper sheet of the Jahn-Teller
adiabatic ground-state surface, respectively, were introduced and varied when fitting the simulated spectra to
the experimental ones. These lifetimes have to be interpreted as average values for different vibrational states
with angular momentum quantum numbers ranging from 0 to 7. The values are;fer=+B.5fs andr,
=6.7fs, for DH, 7,=4.9 fs andr,=8.2 fs, and for R, 7;=5.9 fs andr,= 8.7 fs and the error is estimated to
be 0.5 fs. These results are consistent among each other, i.e., they show the expected dependence on the square
root of the reduced masses. Furthermore, lifetimes for the uv emitting Rydberg states have been measured.
Since lifetimes of Rydberg states of ldnd its isotopomeres are already known from analogous measurements
in the visible spectrum, thes3and 3 states could be identified as the main emitters of the uv radiation. Their
mean lifetimes range from about 4 ns fog, b ns for HD, and 6 ns for DH to 10 ns for 3.
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PACS numbgs): 33.70.Ca, 82.20.Kh, 31.15.Qg, 82.30.Lp

. INTRODUCTION momentum quantum numberzldan be modeled by a4
core that consists of a nearly equilaterally shaped triangular
Spectra of H and its isotopomer Phave been measured protonic frame with two electrons in thesa, state (Dg,
in the light emitted by a hollow cathode discharge throughsymmetry, when neglecting the Jahn-Teller effe€he third
hydrogen and deuterium, respectivéld. An important re- electron orbits around that core and transitions between
cent improvement of that experimental system is the sostates of this valence electron are responsible for the ob-
called Cossart-type tube, which is a combination of a hollowserved spectra.
cathode and a beam-gas system. Using a Cossart-type tube,Apparently only the neutralized ion-beam method is suit-
the H; and Dy spectra could be observed with hardly anyable to measure the rather weak uv spectra of the isoto-
lines of H, or D, present and it was even possible to distin-pomeres of triatomic hydrogen. Since the isotopomeres can
guish partly between puréH; and Dy) and mixed isoto- be mass selected, it is possible to suppress uv spectra of other
pomeres(H,D and D,H) [2]. Another step forward was the species such asHHowever, there is one exception: ,Bi"
application of the ion-beam method where the ions are massannot be separated from,Dalso present in the ion beam
selected before they are neutralized. Thus the spectra of aince both ions have equal charge-to-mass ratios. Therefore,
isotopomeres can be clearly distinguished, with only a fewthe stronger B radiation is blended into the 4B spectra, in
lines of other species present that could lead to ambiguitieparticular in the uv.
in the interpretation3]. Raksit et al. investigated the spectra of;0n the uv re-
Spectra of Hand D, were measured in the visible and the gion[7]. Their detection system seems to have been sensitive
ir wavelength regior[4—6]. Important features of the tri- only below 300 nm and they apparently missed a part of the
atomic molecules KHand D; have been derived from these uv spectrum. They found a continuum peaked at about 300
spectral bands. It has been shown that these molecules areroh.
the excimer type, i.e., the ground states are dissociative while Contrary to that, in the work reported here, the continuum
the excited states are bonding or partly predissociative. Thehows two distinct broad maxima at about 240 and 310 nm.
higher states are Rydberg states, i.e., can be approximatelthese maxima could be attributed to the Jahn-Teller struc-
classified by quantum numbensandl, like atoms, wheren  ture of the ground-state potential surface that has two ener-
is the principal quantum number ahdhe orbital angular getically clearly separated she¢8. This interpretation of
the bimodal structure of the uv spectra is supported here by
numerical simulations of the spectra incorporataiginitio
*Present address: Institut rfuLaserphysik, Jungiusstrasse 9, transition moments and potential surfaces. In addition, life-
20355 Hamburg, Germany. times on both sheets of the Jahn-Teller ground-state surface
TAuthor to whom correspondence should be addressed. are derived from the simulation of the uv spectra.
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We also present in this article measurements of radiative
lifetimes of then=3 Rydberg states that have been identified
as the gmitters of the uv radiat!on. These Iifetim.es hgve bgen 40000 4
determined from the exponential decay of the light intensity
after neutralization along the molecular beam.

The organization of the remainder of this article is as
follows. In Sec. Il the experimental technique and proce-
dures necessary for the measurement of lifetimes and uv
spectra are summarized. Section Il is concerned with the
interpretation of the lifetime measurements of the uv emit-
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ting Rydberg states with principal quantum numher3. In
Sec. IV the numerical simulation of the uv spectra is de- Oven Position (mm)
scribed. Section IV A outlines thab initio calculations of
electric-dipole transition moments betweern-3 Rydberg FIG. 1. Typical lifetime measurement. Dividing the oven posi-

states and the electronic ground state gfaHd in Sec. IV B tion by the velocity of the molecules yields the time axis.
the calculation of the uv spectra is described. Then a discus-
sion of the lifetimes on the ground-state surface extractethined from discrete spectra in the visible, the uv lifetimes
from the numerical simulations of the uv spectra follows inthen served to identify the upper levels responsible for the uv
Sec. V. Finally, some concluding remarks in Sec. VI com-emission: then=3 Rydberg states.
plete the article. The lifetimes of then=3 uv emitting levels have been
measured as follows. A computer-controlled stepper motor
Il. EXPERIMENT moved the cesium oven along the beam line in 1-mm steps.
) o At each step the emitted number of photons was counted for
The ion-beam neutralization apparatus has been used faf s The ion-beam current was between 20 ang.AGNnd
many previous studies and is described in detail in earliefhe heam had a diameter of 2 mm. For normalization, the
publications (e.g., [9,10]). Therefore, after describing the fraction of the ion beam not neutralized in the charge ex-
main features_ of the' apparatus, only details specific for thi%hange cell was measured using a Faraday cup as a function
experiment will be given. _ of the oven position. To extract lifetimes from data as shown
The molecular ions &f, H,D", D,H", and D" with i Fig. 1, a linear combinatioA(t) of exponential functions
mass numbers 3, 4, 5, and 6, respectively, are formed in @as fitted to the experimental datafter subtraction of the
duoplasmatron, which in essence is a hollow cathodelike dgark counts of the photomultiplierTwo exponentials with

discharge run through the relevant gases, in this case throughyr variable parameters were sufficient to reach a good fit:
hydrogen or deuterium or a mixture of both with the ratios

2:1 and 1:2, respectively. lons are extracted through a hole in At)=Ae Vat Ae 2 1)
the anode and accelerated by a high voltéte keV). The

ion beam is chu;ed using an Einzel lens apd directed to finere the first term on the right-hand side decays apprecia-
sector magnetic field by crossed condenser fields. After pas%y faster than the second on €t,) and mainly describes
ing through another electrostatic lens, the mass-selecte[ e effect of the uv radiation that is investigated here. Two

an slecron s captured into Sxcited states of the neutralize¥Sical origins of the second term with amplue are
p onceivable. (i) There is cascading from higher levels with

molecules, photon emission arising. frqm radiative'decay t‘?1>3. However, this should not play an appreciable role be-
the ground state can be observed inside ar_1d behind the Eause transition probabilities between higher Rydberg states
sium cell. This light is focused by several mirrors to a SPEC-, d then=3 levels are relatively small. (ii) Since cesium
trograph(3-m monochromat9r spectrally resolved and then '

O atoms can escape from the neutralization cell in the direction
detected by a photon multipli¢RCA Model No. C 31034 of the ion beam, neutralization can also take place outside

o the cesium cell. Therefore, a new population of te 3
A. Lifetime measurements levels in the region observed by the light detection system

After traversal of the charge exchange cell, the light in-can be created. In Table | the results of the fit procedure are
tensity decreases exponentially along the neutralized mdisted for the molecule R The relative amplitudé\; of the
lecular beam. A practical way to measure that decay as frst term that describes the lifetime of the uv emitting states
function of the distance along the beam is to image a smals much larger tham\, (we haveA;+A,=1).
part of the radiating molecular beam to the entrance slit of For these measurements mixtures gfaad D, were pre-
the monochromator and move the neutralization cell relativgpared in stainless-steel containers connected to the duoplas-
to the point of observation. Since the velocity of the mol-matron where a pressure of about 140 Pa was maintained.
ecules is known, the light intensity of a given molecular The slit widths of the monochromator was varied between
spectral line can be measured as a function of time. Thus, fd.5 and 1 mm, which corresponded to a spectral resolution of
example, the lifetimes of single rovibrational levels can be0.5—-1 nm. The maximal count rates were 290 counts per
deduced9-11]. second(cp9 for Hz, 700 cps for B, 150 cps for DH, and

About ten different wavelengths of the uv continua of 225 cps for HD.
every isotopomer were selected and the lifetimes measured at The H,D™ and H* ion beams were disturbed by ions
these wavelengths. By comparison with the lifetimes ob-with the same masses, i.e., Dand HD", respectively. De-
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TABLE I. Two lifetimes are extracted from double-exponential fisg). (1)] to the experimental data for
D; at 11 different wavelength&ompare Fig. 1 The relative amplitude 4 A; of the longer decay time,
is only a few percent of that of the short decay titpe In the last row the weighted average lifetintgs are

given.

Wavelength(nm) t; (n9 A; atx=10 mm t, (ng
203.5 10.7#0.5 0.99

2225 10.30.3 0.97 277
244.0 10.2:0.2 0.96 26:4
266.2 10.%0.3 0.94 254
289.7 9.9-0.2 0.95 26:2
309.0 9.8-0.1 0.95 282
328.4 9.5-0.2 0.93 232
328.4 9.5-0.3 0.93 243
348.1 10.%0.2 0.97 329
370.3 9.3:0.3 0.92 274
392.5 10.220.4 0.87 3%5
Weighted average 1,=9.9+0.4 0.94 t,=26*4

spite that, the lifetimes of interest could be approximately Figure 3 demonstrates the very good reproducibility of the

determined by measuring the lifetimes of 8eparately29.1 D3 uv spectrunicorrected for the spectral responteat was

ns using very pure gases and different ion sources for difobtained after optimization of the charge exchange system
ferent isotopomeres. and the ion-beam stability. Discrete lines on the smooth

curve have been identified as cesium atomic lines and have
been removed by a suitable procedure before interpreting the

uv spectra. The corrected uv spectra of all four isotopomeres
The knowledge of the spectral response of the whole deare shown in Figs. @) —4(d).

tection system(imaging mirrors, monochromator, and pho-  Varying the gas pressure in the ion souf@ading poten-
tomultiplier tubg, i.e., the detection sensitivity as a function tially to different population probabilities for rovibrational
of wavelength in the relevant range 180—450 nm, was parevelg did not have a marked influence on the shape of the
ticularly important in order to obtain correct spectra. Deute-D; Spectrum as can be seen in Fig. 5. During extraction from
rium lamps(made by Oriel and Hamamajswhose spectral the duoplasmatron, vibrational excitation of molecular ions
distributions are known were employed for calibration pur-is quenched in collisions with neutral gas escaping from the
poses and, in addition, the blackbody radiation of a tungstefon source. This relaxation mechanism is more effective for
ribbon at different temperatures was used. Finally, the meahigher gas pressure in the ion source. Thus, by varying the
spectral response obtained from these different sources w@sessure one has some control over the vibrational excitation
used to correct the measured molecular spectra. An accura®y the molecular ions. Only after reducing the pressure by a
of 5-10% is estimated for the final calibration curve in Fig.factor 7, from 150 to 23 Pa, a slight broadening of the uv
2. spectrum has been observéeg. 5, the three spectra are
The same calibration curve was used in earlier work fornormalized to have the same emission intensity at 30§ nm
the correction of ArH and ArD uv spectfd2], which were  which indicates a contribution to the spectrum from excited
consistent with theory and also other experimentalists’ revibrationaln=3 states.
sults. This served as an important check for the validity of
this calibration curve.

B. Measurement of the uv spectra

ty
o
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FIG. 3. Reproducibility of the measurements of the $pec-
FIG. 2. Normalized spectral response of the combined lighttrum. Five measurements are shown here, recorded one after the
detection systenimaging optics, monochromator, and photomulti- other without changing any instrumental parameter, each of them
plier). corrected using the curve in Fig. 2.
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FIG. 5. D; spectrum recorded with different pressures in the ion
source. For 150 and 72 Pa the normalized spectra nearly coincide.
The spectrum at 23 Pa shows a slightly different intensity at short
and long wavelengths. The count rates before normalization at 300
nm are 3800, 2150, and 470 counts per second, respectively.

The overall intensity of uv emission depended strongly on
the ion source pressure. Changing the pressisidethe ion
source leads to different plasma dynamics, which in turn
influences the electronic excitation of the ions. This leads to
different charge-exchange cross sectiph3] for the n=3
states and thus to different intensities in the uv spectra. All
the spectra shown in this articlexcept Fig. 5 were taken at
pressures between 100 and 150 Pa with the molecules in
their vibrational ground state.

lll. LIFETIME MEASUREMENTS
OF THE n=3 STATES IN THE UV

In addition to the spectra, the results of lifetime measure-
ments are also indicated in Fig. 4. We find only a rather
small variation with no systematic trend in the lifetimes mea-
sured in the uv range between 200 and 400 nm as a function
of wavelength. Therefore, it makes sense to determine an
average value of these lifetimes characteristic for each isoto-
pomer, as is shown in Table II.

The lifetimest, in Table 1l show a characteristic decrease
from D5 over D,H and HD to H; from 9.87 to 3.91 ns. It is
important to note that the lifetimes of the=3 levels de-
duced from visible light emission showed the same behavior
(Table 1l). Furthermore, the radiation intensity in the uv for
the different isotopomeres decreases also in this diféigr
4). This is attributed to the fact that predissociation, as the

TABLE Il. The weighted average values of the short lifetime
componentt, , for all isotopomers are reported. The third column
displays the relative amplitude of the short lifetime component
A;. H,D has a much larger component with a long lifetime,
namely, with about 40%. This might be due to the admixture of the
molecule B in the neutralized beam. In the fifth row also a lifetime
for D, is reported that was measured in the same wavelength range.

Molecule t; (N9 A, t, (N9

D5 9.9+0.4 0.94 26:4

FIG. 4. uv spectra of all isotopomers corrected for the detection D,H 5.9+0.4 0.83 12-5
sensitivity. The ordinate on the right-hand side indicates the mea- H,D 5.0+0.5 0.61 312

sured lifetimes as a function of wavelength. TheDHspectrum is
strongly disturbed by B emission around 220 nm and therefore
does not exhibit the typical bimodal structure.

Hs 3.9+0.5 0.81 26
D, 29.1+15
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TABLE Illl. Lifetimes measured here in the ujast row) are -1 QQ(aO)
compared with those measured previously for the sam8 levels 0
in the visible spectrérows 1-4 [9,10].

State D D,H H,D Hs

3d 2A;

3d %E” 11.4-12.2 75-93  56-8.7  3.5-11.0

3d %€’

3p %A 7.8-15 7.5-29 4.1-35

3s?A; 9.7-125 52 41

3p 2E’ 1752  5+0.7 2593 1.1492

uv 9.9+04 5905 50:05 3.9:05 eV

competing effect to radiative decay, increases forrike3
levels in this isotopomer series. This was observed in the
visible spectra of these isotopomeres, namely, in the 5600-,
5800-, 6012-, and 7100-A banfi,4,5].

A qualitative explanation for these observations might
give the tunnel effect: The lighter H atoms escape faster
through the bonding potential barrier than D atoms. This was
also observed for other isotopic molecules such as OH and

OD or rare-gas hydrides. FIG. 6. That part of the kiground-state surface on which the

In addition to the aspects discussed above, the lifetimegsymmetric vibration of the nuclei takes plagscribed by vibra-
measured here a"OW us to detel‘mlne the emitters Of the uyona| Coordina’[egl and qz) The Jahn-Teller structure ofSH:an

radiation. Considering the wavelength range of the uv radiape seen: a lower and an upper sheet and the cor fog,=0. At

tion only, it must be concluded that time=3 Rydberg states the origin the molecule takes ddy, symmetry, otherwis€ sym-

are the emitters. The lifetime measurements give more daretry.

tails: In Table Il the lifetimes measured in the uv are com-

pared to the lifetimes of the electronic=3 levels deduced angle with sideRy=1.65, (equilibrium geometry for the

from light emission in the visible spectruif,10], where the Rydberg states and the cation™H cf. the work of Porter,

states can be resolved according to orbital angular momerstevens, and Karplyd.7]) describes the symmetric “breath-

tum and group-theoretical assignmébty, andC,, groups. ing” mode of vibration. The inner part of the potential sur-

We find that the uv lifetimes are closest to those in the visface consists of an upper bonding sheet connected by a cone

ible spectrum of the 8and 3 states and differ appreciably to a partly dissociative lower sheet exhibiting three charac-

from that of the B ?E’ state. This suggests that the main teristic “saddles” (Fig. 6). In alkali trimers, for example, the

contributors to the uv radiation are the 8nd 3 states, as it “lower” sheet has, like the “upper” one, also bonding char-

is expected from the transition rules for the simple Rydbergacter, which leads to a splitting of the bound vibrational en-

model invoked for these molecules. Apparently, there areergy levels in these molecul§¢$8]. The dissociative charac-

also exceptions to this statement, as is seen from Table liter of the lower sheet of the $yround-state surface implies

The discussion of these exceptions are beyond the scope aflarge energetic separation between the two sheets, which

this article and will not be considered here. can easily be observed spectroscopically. These features can
be described by an analytic expressjdi,19

A
I
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IV. SIMULATION OF THE UV SPECTRA E.=E(q=0)+A*B, )

The transitions responsible for uv emission terminate on
the ground state and it will be shown in what follows that theWith
characteristic shape of the uv spectra is due to the structure
of this ground-state potential surface. The ground-state sur-
face of triatomic hydrogen was extensively studied dly and
initio calculations by Eyring and Polanji4], Siegbahn and
Liu [15], Truhlar and Horowit416], and Porter and Karplus _ _ 2
[17]. In particular the work of Porter and Karplus and illus- B=0.1216%~0.0256" cos 3
trations therein, impressively show the main features of the +(0.0235 co$3¢) g3+ .
ground-state surface of He.g., its Jahn-Teller character.

Here we want to consider that part of the potential surfacdhis two signs refer to the two sheets that intersect at the
that is a function of the asymmetric vibrational coordinatespoint q=0. The polar coordinateg and ¢ are defined by

g, andq,. These coordinates describe the deviation of they;=q cose andqg,=q sin ¢.

three protons fronD 3, symmetry(equilateral triangle The The ground-state surface as a function of the asymmetri-
symmetric stretch displacemenqt from an equilateral tri- cal coordinates); andq, according to Eq(2) is plotted in

A=0.1011%2-0.098%° cos 3p+- -
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TABLE IV. Calculated energieghartree of the ground anch= 3 states of H for different values ofj (ag) and ¢.

the equilateral triangle igy+ Ry=1.65,.
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The side length of

q=0.25, q=0.5, q=0.25, q=0.5, g=0.25, g=0.5,
State q=0 ¢=0° ¢=0° ¢=180° ¢=180° ¢=90° ©=90°
12A’(2p) —-1.555611  —1.581489  —1.597 342 —1.581 482 —1581272 —1581531  —1.590534
22A’(2p) —-1.555613 —1.519705  —1.483169 —1.513 606 —1.444873 —1516622 —1.464676
427 (3p) —1.412108  —1.408037 —1.393918  —1.405059 —-1.365300 —1.406570  —1.380 607
52A’(3p) —1.412108  —1.400704  —1.380712 —1.396 685 —1.348309 —1.398698  —1.365 361
6 2A’(3s) —1.397368  —1.389483  —1.372028 —1.385980  —1.341434  —1.387744  —1.357660
72A’(3d) —-1.394869  —1.387381 —-1.370875  —1.383714  —1.340151  —1.385609  —1.356 434
82A’(3d) -1.394868  —1.387190 —1.370273 —1.383 839 -1.339671  —1.385482  —1.355916
92A’(3d) -1.392836  —1.385055 —1.367 891 —1.381 566 -1.337364  —1.383324  —1.353558
22A"(3p) —-1.396195 —1.388458 —1.371330 —1.384961 -1.340786  —1.386726  —1.356 992
32A"(3d) —1.393186  —1.385845  —1.369 252 —1.382321 —1.338539  —1.384060 —1.354828
42A"(3d) —1.393185 —1.385185  —1.367 931 —1.381 708 —1.337439  —1.383492  —1.353612
TABLE V. Dipole transition momentga.u) betweenn=3 Rydberg states of fand the ?A’ and
22A"(2p) states at different values of the polar coordinatéa,) and¢; g,+ Ry=1.65,. The appropriate
component of the transition moment is given in the second row.
q=0.25, g=0.5, g=0.25, qg=05, g=0.25 g=0.5
Transition g=0 ©=0° ©=0° ©=180° ¢=180° =90° ©=90°
4277 132N’ x 0.0 0.0 0.0 0.0 0.0 0.03188 0.108 70
y 0.09098 0.37317 0.01140 0.07851 0.16607 0.04927 0.054 93
427" 22p! x 0.09075 0.21987 0.76731 0.07182 0.09132 0.16416 0.55597
y 0.0 0.0 0.0 0.0 0.0 0.046 04 0.184 43
52A’ 127’ x 0.09015 0.15120 0.24074 0.19576 0.17179 0.0 0.084 65
y 0.0 0.0 0.0 0.0 0.0 0.17798 0.20158
527" 227! x 0.0 0.0 0.0 0.0 0.0 0.26770 0.48028
y 0.09038 0.38601 0.80268 0.19565 0.37562 0.13960 0.41349
62A’—12A’ x 020673 0.27222 0.26270 0.0 0.0 0.24757 0.30185
y 0.0 0.0 0.0 0.30445 0.34773 0.16448 0.126 47
62A’ 227’ x 0.0 0.0 0.0 0.07804 0.20304 0.07335 0.056 92
y 0.24880 0.13415 0.14123 0.0 0.0 0.07336 0.09058
727 12’ x 0.0 0.64956 0.53871 0.58026 0.0 0.30315 0.44003
y 0.77202 0.0 0.0 0.0 0.44503 054562 0.18487
727" =227’ x 077201 0.0 0.0 0.0 1.00051 0.81923 0.38356
y 0.0 0.84297 0.80725 1.01458 0.0 0.35179 0.84210
82A" -1 2A’ X 077532 0.0 0.0 0.0 0.43655 0.53496 0.166 49
y 0.0 0.60045 0.48817 0.61630 0.0 0.26455 0.428 66
82A"' 227’ x 0.0 0.98152 1.14265 0.89954 0.0 0.476 64 1.06559
y 0.76789 0.0 0.0 0.0 129719 0.85691 0.594 29
92A’ 124’ x 0.38103 0.16387 0.05691 0.0 0.0 0.13467 0.06073
y 0.0 0.0 0.0 0.16353 0.05642 0.08407 0.01465
92p’ 224’ x 0.0 0.0 0.0 0.69621 1.08673 0.40958 0.468 80
y 037090 0.68022 0.92400 0.0 0.0 0.55630 0.876 37
22pA" 1 2A’ z 00 0.0 0.0 0.03895 0.04393 0.02820 0.03561
22A" 2 2N z 0.01000 0.10732 0.32474 0.0 0.0 0.07591 0.23478
32A" 1 2A’ z 00 0.55007 0.45151 052977 0.39796 0.53355 0.42140
32A" 227’ z 070703 0.0 0.0 0.0 0.0 0.12495 0.14224
42A"—12A’ z 0.70705 0.0 0.0 0.0 0.0 0.08173 0.02261
420" 2 2p/ z 00 0.89941 1.03691 0.94083 1.24054 0.91193 1.13306
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FIG. 7. (a) Potential energies calculatadh initio as a function ofy,¢=0, 7, i.e., as a function of the asymmetric vibrational coordinate
;. The potentials labeled®lA’ and ZA’ represent the lower and upper parts, respectively, of the ground state, flvleci9?A’ are the
excited states § 3p, and 3. Designations of the states are givendg symmetry. The curves belong to the equilibrium side lerggth
+Ry=1.65,. (b) Potential-energy curves as a functionpfp= £ 7/2, i.e., as a function of the asymmetric vibrational coordirgte
0o+ Ro=1.65,. (c) Potential-energy curves as a function of the side lemgth R, of the equilateral triangle.

Fig. 6. It is interesting to note that the part of the potentialground-state surfacg3]. The continuous spectra, in which
surface that is a function of the symmetric coordinageis  individual rovibronic transitions are not resolved, point to a
bonding, as can be seen in Fidcy/[e.g.,[20]]. very short lifetime on both sheets, which should be in the
The shape of the ground-state surface suggests that tfiemtosecond range.
two maxima of the uv spectra are due to the decay ofnithe  In one approach the spectrum of vas simulated using
=3 Rydberg states into the two sheets of this surface: Thénear two-dimensional approximations to the ground-state
observed energy separation of the two maxima in the uyotential. For the transition moments a linear expression in
spectra of about 9600 cmh is approximately equal to the the coordinates),, q;, andqg,, was assumed, which con-
energy gap between the upper and lower sheets of th@ined two fit parameters. A satisfactory fit was obtained
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FIG. 8. Electric-dipole transition momentBg e (q) =V (q)|d|¥e(q))| as a function ofqg,e=0,7 betweenn=3 states
(4%2A’-9?A") and (a) the lower and(b) the upper sheet of the ground statg:+ R,=1.65,. Electric-dipole transition moments as a
function of q for the cross sectiop= *+ /2 betweenn=3 states andc) the lower and th&d) upper sheet of the ground statg;+ R,
=1.65,. (e) Dipole transition moments as a function of the side lergih R, of the equilateral triangle.

only for Ds. It supported strongly the interpretation of the R;=[(Ro+0o)?+9%—(Rg+0o)g COS ¢

bimodal uv spectra as being due to radiative decay into the ) 12

two sheets of the ground-state surfd8é In this work the —V3(Ro+0o)q sin ¢]™%

spectra of @, D,H, and H; are simulated by making full use _ 2, 2

of ab initio potential curves and electric-dipole transition R2=[(Ro+0do)“+q°—(Ro+do)q OS¢
moments. +v3(Ro+d)q sin ¢]*2 3

_ 24 42 112
A. Ab initio calculations of the potential-energy surfaces Rs=[(Ro+0o)"+0a"+2(Ro+0o)q COS@]™™

and the transition moments All present calculations have been carried ou€insym-

Theoreticalab initio calculations have been carried out on metry, which is common to all the different geometries. The
the electronic states of 41 extending our previous calcula- multireference double configuration-interactidiviRDCI)
tions to geometries required for the purposes of the presemhethod and program®1] were employed for the calcula-
work [20]. The atomic-orbital basis employed is identical to tions. Nine states ofA’ and five 2A” states have been cal-
that of the previous work. The molecular geometries wereculated, which correspond to the ground and excited states of
generated to lie in the region @@<q=<0.53,, 1.5a,<R, H;up to (3d) ?A’ and up to the (p) 2A” states(cf. [20]).
<3.59y, and O< =<2, whereq is the symmetric stretch Configuration-interaction spaces of 35442 and 25 726 con-
displacement from an equilateral triangle with silg(equi-  figurations functions, respectively, were generated by all
librium geometry for the Rydberg states and the catigh)H  single and double substitutions from reference spaces of 91
cf. Ref.[17]. The sides of the triangI®;, R,, andR; are  and 47 configurations for théA’ and the2A” calculations,
related togq, q, and¢ [17] by respectively. The present calculations involved all the gener-
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ated configurations, without any selection. The results of thea) b)
calculations, in terms of energies and dipole transition mo-
ments, at 50 different molecular geometries may be obtainec 35
directly from the authors. In Table IV the calculated energies 20 m |
of the ground and the=3 Rydberg states foR,=1.65, H : @
(qp=0) are listed, while the corresponding dipole transition » i ]
moments are listed in Table V. Some cuts through the 20
potential-energy surfaces and the dipole transition momen R 32 s
surfaces have been plotted in Figs. 7 and 8. Considering thi &
molecules to be rotating, the potentials were supplemente( 194
by a bonding part proportional {g'(j”+ 1) [22]. S 05
0.0 4 T T T T T
B. Calculation of the uv spectra and their interpretation H r H 00 05 1013 200 25 30 33

r (20)
First, the intensity of each rovibronic transition has been g 9. (a) Definition of the Jacobi coordinatdgr, s (b) Dif-
calculated and then the contributions from each line wergerent relative motions of the nuclei ingHthe reaction trajectory

summed to obtain the continuous total uv spectrum. The1), the symmetric vibrational motio(®) (described by the normal

emission intensity due to a transition from an=3 rovi-  coordinateq,), and the degenerate asymmetric vibrational motion
bronic statele’,v’,j’) to a lower discrete rovibronic state (3), which can be described by normal coordinajgsandq,. The
le”,v",j") is given by[22] g, vibration is described by3) while the vibrationg, lies outside

the R-r plane. The end points of the straight lines indicate the
ranges for which potential curves and transition dipole moments
have been calculatedb initio. Q, was varied in the interval
[-0.589p=<q,=<0.53;5] (compare Figs. 7 and 8 and Tables IV and

64 , ., L
Ie’e"v’v”j']'":? mcf gN(U ) )

Sirin V)
1" Y noim\|2
X oy (v d Dee @i @)
S'/'//
17 oo AN A
Here e symbolizes the electronic quantum numbersthe X2j’+1 (€' v",j"|Derer(@)E", ]I (5)
vibrational, and the total angular momentum quantum num-
ber. N(v',j")=No(2j’+1)e B¢ 1V T s the Boltzmann In order to carry out the numerical calculation of vibra-

population of the upper level, witN, being a normalization tional wave functions, the vibrational motion of the nuclei
constantk the Boltzmann constant, andthe absolute tem- has been separated into the symmetric breathing nidele
perature S;,;» stands for the rotational transition matrix ele- pendent only ory) and the asymmetric vibration dependent
ment (the Haml-London factoy and Dee(q)  onqande. Individual rovibronic transitions have been cal-
=(Ve (q)|d|¥e(q)), with d being the dipole operator. culated for the symmetric vibrational mode wifRy+qq

The coordinatey describes the amount of distortion of the varying between 14, and 3.%, [see Fig. 7c); a, stands for
equilateral triangle, whereas indicates the “direction” of  the Bohr radius andR, is the equilibrium triangular side
this distortion in theq;-q, plane (q;=q cose and g,  lengthl. For the asymmetrical mode, one section through the
=( sin¢). Theab initio calculated electronic transition ma- potential surface along the lig= g, has been usedee Fig.
trix elementsD,/» as a function of the nuclear coordinate 7(a); ¢=0,7 and O<q=<<] and a second one along [Fig.
are shown in Fig. 8. f=(E¢ —Ee)/hc, is the transition  7(b); ¢=mu/2, —m/2 and O<q=o]. Figure 9b) illustrates
frequency E. E¢» being the electronic term values. Finally, the relative motion of the three H nuclei in tier plane,
g9=(2—36gar+a")/(2—60+) is the degeneracy factor, with R andr Jacobi coordinates, for the aforementioned vi-
where A is the projection of the electronic orbital angular brational modegwithout g,) and shows the ranges Bfand
momentum on the molecular axis. TAestates have char-  r for which calculations have been performed.
acter; consequently\’=A"=0, yieldingg=1. The vibra- The upper sheet of the ground state is bonding and there-
tional wave functions have been calculated by numericallffore carries discrete rovibronic levels with an average life-
solving the Schrdinger equatior{Numerov-Cooley method time calledr, and Eq.(4) is applicable for transitions start-
[23]) usingab initio potentials of the upper and lower statesing from n=3 Rydberg states and ending on this upper
[20]. Some of the potentials used in this simulation havesheet. Vibrational states on the lower sheet of the ground
been determined previous[20]. Others(see Fig. 7 have  state are considered quasibotimdthe region of the saddles
been calculated specifically for this work. and discrete levels there are assumed to have an average

If the lower molecular state is a continuum in the nucleariifetime r; and again Eq(4) is applied.
coordinates, Eq(4) has to be modifiedlv”,j”) has to be
replaced by|E”,j”) and one has to integraté” over the
possible energy rangaE of the continuum states. In this
case, the appropriate expression for the emission intensitgft
[(N). A=c/f is the emission wavelength is

Quasibound” in general means that the molecule dissociates

er a few periods of vibration. Here dissociation on the lower

sheet takes place since the ground-state potential surfacg isf H

bonding in the saddle region only in one directiwompare Fig. b

(N gr ey ”_,_Hzglw%zfegN(v, i On the upper sheet of the potential, it can “escape” quickly
vierl ' through the point of conical intersection.
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FIG. 10. (a) D5 uv spectrum(the narrow peaks on top are due to atomic cesium lines, which are also excited Wheas&s through
the cesium beajnIn addition, the simulation fitted to the experimental spectrum by variation aind 7, is shown. The contributions of
individual transitions are also shown at the bottom of the figure. The dominant peaks at 240 and 320 nm originate from transitions between
3d levels(7, 8, and $A’) and the A’ part and 2A’ part, respectively, of the ground statb) and(c) D,H and H, spectra and their fits
(Cs atomic lines removed and smoothethe simulated spectrum is shown for different pairsrpfr,. The same potentials and electric
transition moments were used for the simulation of the experimental spectra of all three isotopomers.

Between the saddles, the lower sheet is purely dissocia- For each individual line of the bounduasjbound tran-
tive (Fig. 6), leading to a continuous energy ranyg of the  sitions a Lorentzian line profile is used whose width is de-
dissociation products, instead of discrete energy levels. Aermined by the lifetimer; or 7,, respectively, so that this
lifetime can be derived for this part from the expression contribution to the spectrum becomes
=h/AE, with h Planck’s constant, as is shown, for instance,
in Ref.[25].2 lereryrymjrin

e e v " an

l(w)=

1/7
2Here the general definition of a lifetime as discussed in R2fs. X ! 5 5,
25] is alWayS apphed (w_we/e/rvru//jrl‘u) +1/4TI

i=12. (6
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TABLE VI. Lifetimes 7, and 7, for the lower and upper sheets, respectively of the ground-state hyper-
surface of H and for its isotopomers JM and D;. The reduced mass of each isotopomer is given in the
fourth column. In the fifth column the difference betwesgnand 7, is listed and the two last columns give
the “reduced” lifetimes for the upper and lower sheets, respecti@he the text

Molecule 7, (fs) 7, (fs) u(a.u) A7 (fs) 7l ut? 7ol ut?
Ha 3.5+0.5 6.7£0.5 Z 3.2 4.3 8.2
D,H 4.9+05 8.2:0.5 139 3.3 4.9 8.2
Dy 5.9+0.5 8.7+0.5 3 2.8 5.0 7.6

The lifetimes of the emittinqi=3 levels are longer tham,  tained from the fits shown in Figs. @, 10(b), and 10@c).

and r, by about a factor of 10and therefore do not notably If the coupling of the asymmetric modes to the symmetric

contribute to the Lorentzian linewidths. In the case of themode had substantial influence on the spectra and on the

bound-free transitions we have to integrate over the conlifetimes extracted from the fits, then one would expect to

tinuum AE without any free parameter. The total uv spec-find different results when using the reaction coordin@te

trum was obtained by summing over the contributions fromsince it is a linear combination of the symmetric and asym-

all bound{quasjbound and bound-free transitions. The fit to metric coordinates. However, the reaction coordinate calcu-

the experimental uv spectrum was achieved by varying onljation gives nearly the same results as the previous calcula-

7, and 7, as fit parameters. The fits were performed for a setion using normal vibrational coordinateg, q,, andq,.

of temperaturesl (T as a parametgrand T=1500 K was A priori, it is not clear that simulations of the spectra are

found to result in the best fit. At this temperature the popu-sufficiently accurate when only cross sections through the

lation of the first excited vibrational state is about a factor 15potential surfaces are used for the calculation. However, the

smaller than for the vibrational ground state of the asymmetfact that simulations in two different coordinate systejms

ric mode (vibrational frequency of approximately thogonal vibrational coordinates and reaction coordinates

2500 cm ). lead to nearly same results in good agreement with experi-
When doing the simulation of the spectra separately fomental spectra supports the validity of this computational

the asymmetric and symmetric modasraight lines labeled approach.

(2) and (3) in Fig. 9], it turns out that the radiative decay = The results for the lifetimes; and 7, for the different

from Rydberg states into the dissociative asymmetric modésotopomeres are given in Table VI. To our knowledge, the

is greatly favored because of large Franck-Condon factordifetimes have not been experimentally determined so far and

The contribution from the symmetric mode was found to beare hard to calculate from first principles. Only two theoret-

smaller by a factor of 20 and was neglected when fitting theécal treatments of them are known to (26,27

spectra.

~ The results of these fits, i.e., the calculated spectra as V. DISCUSSION OF THE LIFETIMES

fitted to the experimentally observed spectra for three isoto- OF THE GROUND STATE

pomeres are shown in Figs. @ 10b), and 1@c). Indi-

vidual contributions of different electronic orbitals are also  The potential surface of the ground state af ¢t which

shown in the lower part of the fitted spectra for the case othe elementary chemical reaction betweepatid H takes

D,. Figure 11 demonstrates the sensitivity of the simulationglace today serves as the prototypical reaction surface in

of the spectra to the variation of the lifetimes in the case ofjuantum chemistrye.g.,[15-17). The accuracy of this po-

Hs. tential surface is believed to be so high that results of calcu-
Nearly perfect fits, also in the wavelength region betweerations of the dynamics taking place on this surface can be

320 and 400 nm, were achieved when the line profiles weréompared directly to experiment.

chosen as sums of Lorentzian and Gaussian line shapes Recently, various groups have experimentally studied the

(50:50 as shown in Fig. 12. This is probably due to the factdynamics on this surface by measuring the product state dis-

that the line shapes change from Lorentzian to Gaussiafiibution after scattering of vibrationally and rotationally pre-

when the potential surface on which the transition ends

changes from bonding to dissociative as is the case for the H TABLE VII. Lifetimes calculated classically. In the calculation

ground statd25]: Here the character changes three time<of 71 the starting point of the classical particle with reduced mass

from (quasjbonding to dissociative whep is varied from0 N the potential surface _is_t_aken to Ber_ 1.65, and the end point

to 2, as can be seen in Fig. 6. However, for all numericallS R=2-5. For 7, the initial separation was 1ag. The fourth

results only Lorentzian line shapes were used. c_olumr_1 |nd|(_:at_es the |II|etIme qne qbtalns when adding to the clas-
As an additional check, the uv spectrum has also beeﬁ'cal dissociation _tlmez one V|brat|ona_l period . On the upper

simulated using reactiotdacobiaj coordinates, R, and & sheet. The result is to be comparedoin the last column.

[see Fig. 8a) for an illustration of their definitiohfor the

cl cl cl
calculation of vibrational wave functiong =1.7, 6= /2, Molecule 71 (fs) 72 (9 72t Tosc (f9) 72 ()
and 1<R<3; straight line labeledl) in Fig. Yb)]. The H, 4.3 4.6 4.6-2.1=6.7 6.7+05
quality of the fits performed with reaction coordinaisge D,H 5.3 55 5.5-2.7=82 8.2:0.5
Fig. 13 is equivalent to that for the vibrationédsymmetri¢ D, 6.2 6.5 6.5-3=9.5 8.7:0.5

coordinates and delivers lifetimes very close to those ob
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FIG. 13. Simulation of the klspectrum in reaction coordinates.
times on the potential surface was given by Zleaal. [26].

Here we use an alternative method to investigate therah-
sient ground state: We study the radiative decay of bound

pared reactant28—32. Nieh and Valentini observed sharp excited Rydberg states into this state. A complementary

resonances in the partial cross sectionfy,j—v',j’) as a
function of the relative collision energy of the reacta28].

method is to investigate the fragments-H, after predisso-
ciation of then=2 and 3 states due to their coupling to the

They interpreted their results as dynamical resonances due twound stat¢33].

vibrational modes of the ftransition state. Zare and co-

workers refuted this interpretatid29,32.
A theoretical treatment of the quasibound states of theand 7,=6.7 fs. These are among the shortest lifetimes ever
transition state and in particular a determination of the life-observed in molecular spectroscopy, i.e., thegkbund state

1.0+

o
5
1
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FIG. 12. Simulation of the K spectrum using a mixture of
Gaussian and Lorentzian line profilesee the tejt

300
A (nm)

T
350

400

Of the three isotopomeres investigated, the ground state
of Hj is characterized by the shortest lifetimes=3.5fs

is “the most transient of the transient states” as Valentini
and Philips noted34]. Such short lifetimes arise since the
small H masses are accelerated on the steep slopes ofthe H
ground-state surface. The lifetimes against dissociation on
the ground state quoted here arise from states with angular
momentum quantum numbegranging from 0 to 7(deter-
mined by the initial population of the= 3 stateyand vibra-
tional coordinateg between 0 and 0.25.

The lifetimes of the different isotopomeres should in-
crease with the square root of the reduced massf the
dissociation products. The lifetimes obtained from fits of the
experimental spectra reflect this behavior as can be seen
from Table VI: The reduced lifetimes,u Y2 and 7,u 2
are approximately equal for the three isotopomeres within
the uncertainties of 0.5 fs.

One may also calculateS' and 75, the time a classical
particle with massu would need to slide down the potential
of the ground state. Since the magnitude squared of the
nuclear wave function of fis small in spatial extent in
comparison to the potential surface, one would expect these
classical lifetimeg(Table VII) to be close to the quantum-
mechanical results. Indeed, such a classical trajectory calcu-
lation results in a value forS close to the experimental
result. However,7, is for all isotopomeres appreciably
longer than the classical valug', which indicates that the
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direct classical path is not taken in the dissociation startingvavelength range Detailed simulations of the uv spectra of
on the upper surface. The difference can be tentatively interthree isotopomers usingp initio data for the potential sur-
preted as the time spent in vibrational levels of the uppefaces and electric-dipole transition moments support our pre-
nonadiabatic Jahn-Teller sheet. In fact, if one vibrational pevious interpretation of the experimental speciéd: The
riod, for example, 2.1 fs for § is added tOr‘j' one arrives at shape of the spectra mainly reflects features of the ground
our experimental value;. state not observed before in other experiments. The two

It is interesting to note that, (the average lifetime of the separate maxima reflect the two Jahn-Teller sheets and the
quasibound states on the lower sheet; compare Sec) forB  conical intersection. The widths of the maxima indicate ex-
all isotopomers turns out to be close to the dissociation lifetremely short lifetimes in the femtosecond range against dis-
time r=h/AE [25], which means that also states close to thesociation for both sheets of the ground state af Bood
saddle parts of the potential dissociate before vibrating. — agreement is found with theoretical work of other authors.

There are, to our knowledge, no published experimentalhe fact that using the same potentials and transition mo-
lifetimes that are directly comparable to the ones presentements delivers good fits for all the isotopomers considered
here. Zhacet al.[26] studied “quasibound states of the tran- indicates the validity of the Born-Oppenheimer approxima-
sient state” H and, for example, calculated the time interval tion.
from “the point when the reactants enter the surface until the The continuous uv spectra only allow us to determine
appearance of the products in the exit channel.” These delagverage lifetimegfor different rovibrational states with”
times that lie between 1 and 16 fs fo<g<4 should in =0,1 andj”"=0,1,..., for the two Jahn-Teller sheets. Since
principle be observable in scattering experiments. Since wiéhe maximum of the population is §t=3,4, the lifetimes
observe “half collisions,” the agreement is satisfactory.  determined might be close to those of th¢4estates.

Our results are best compared with the theoretical work of The technique used here to investigate the ground-state
Krauseet al. [27], who performed quantum-mechanical cal- surface can be made more specific with respect to total an-
culations of the dynamics of the dissociation of Rydberg  gular momentum, for example, by state selectively preparing
states at total energies up to 6 eV, i.e., far above the conicaixcited boundh=3 states using lasers. Monitoring their ra-
intersection. Their results show the necessity of includingdiative decay to the ground state would then open the possi-
both sheets of the ground-state surface in the dynamics. Thdylity to probe the dynamics on the ground-state surface for
found that the square of the autocorrelation functipft)  individual angular momentum states. Another possibility to
=((r,0)|y(r,t)) (¢ is the normalized nuclear wave func- obtain well-defined “initial conditions” on the ground state
tion) goes to zero on the lower sheet within 5 fs and reachets to apply stimulated emission pumping from populated ex-
a minimum after 10 fs on the upper sheet. This is in gooccited states into the ground state.
agreement with our observation. Note added in proofVery recently S. Mahapatra and H.

The lifetime of the upper sheet is determined by both thé<oppel of the University of Heidelberg performed a
symmetric decay to HH+H and the leakage to the lower gquantum-mechanical wave pacledt initio calculation of our
sheet through the conical intersection. Therefore, we believev spectra, which included nonadiabatic coupling in the
that the importance of our determination also lies in the relaground-state potential. Their calculations reproduce most of
tive magnitude of the lifetimes, and,, which represents a the features of our spectfa5].
measure for the coupling between the upper and lower sheet.
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