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Experimental and theoretical lifetimes, . for €33 " andd I1, states of molecular hydrogen and deute-
rium are presented in a wide range of vibrationaland rotationaN’ quantum numbers. Lifetimes have been
measured by a delayed coincidence method following electron-impact excitation from the ground state. The
cascade effects on the lifetimes measured were estimated to be negligible through a detailed analysis. Predis-
sociative rates were estimated by the Fermi golden rule based on adiabatic rovibronic wave functions and
radial coupling matrix element8(R) for the e 33 ~b 33" andd 31, ~c 31, pairs of interacting states.
The radiative lifetimes of both excited states were evaluated by the theor(e:tiiﬁllf—asig+ and
deM,—a 32;’ transition dipole moment functiord( R) and adiabatic rovibronic wave functions of the states
involved. The electronic matrix elemer@¢R) andd(R) were obtained by dire@b initio calculations as well
as within the framework of quantum defect theory. Tdie initio B(R) functions were calculated by the
finite-difference method and by the analytical Sidis formula, which were based on the full configuration-
interaction electronic wave functions. At small and medium internuclear distances the quantum defect matrix
elements agree well with theab initio counterparts. The predissociative rates for befit | (v'=0) and
d 31, (v'=4) states of hydrogen were found to increase sharply as ‘thelue of the predissociated level
increases, and become compatible with the radiative decay rate. The predissociation effect in the deuterium
was negligible for both states studied; hence their experimental lifetimes correspond to the radiative decay
channel only. A sum of the theoretical radiative and predissociative rates was in good agreement with the
experimental results for the3®S ! state but slightly overestimated for the®[l, state. Reasons for the
remaining discrepancies are discussed and suggestions for further improvements are given.
[S1050-294{@9)10212-9

PACS numbd(s): 33.70—w

[. INTRODUCTION time measurements in the>II,(v'<3) rovibronic levels
have also been reportefll4—16. The empirical d°II,
Highly accurate energy and dynamic properties of the ex-—a32g ande33; —a32$ transition dipole moment func-
cited states of molecular hydrogen are needed to diagnosins were derived by deperturbation analysis of the avail-
low-temperature molecular plasmig and the atmospheres able experimental dafd1-13, and the radiative lifetime of
of the Jovian planet2]. In particular, the rovibronic transi- the e3EJ state was predicted to be 39-47 [i810]. Ki-

tion pro_babilities are certainly required in o_rder to perform ayoshima and Satpl6]" investigated the strong local®IT !
population analysis of the molecular excited states and tg

oterrine X . 1 ) : 233" perturbation effect on the lifetimes af *I1; (v’
etermine he gas temperatyts. HoOWever, strong coupiing —_ 1) rovibronic levels. Based on a systematic lifetime varia-

of the electronic and nuclear motions in electronically ex-,. 37+ . .
cited hydrogen states manifests numerous competitions bé'pn of thed ,Hu levels with the ro'tat|or!allqua.ntu'm number
they estimated that the predissociative lifetime for the

tween different intramolecular processes which proceed béy;' L
yond the Born-Oppenheime(BO) approximation [4,5]. € >y (v'=4) level of H, should be 3.7(0.8) ns [16]
From experimental and theoretical viewpoints, behaviors ofvhereas thee3S.; state of B is not predissociated at all.
the ungerade triplet 8 complexe®3 " andd ®Il, states of ~Furthermore, Burshteiet al. [15] showed that the lifetimes
molecular hydrogen are very attractive patterns because theif d °IT, (v’ =4,5,6) levels are much shorter than those for
transition channels such as radiative transition toa:ﬁé;g+ v'=<3 levels and ascribed it, without any theoretical treat-
state, predissociation through théX | andc Il states as ment, to predissociation effect. For teéS ! levels, how-
well as the mutual perturbation of the®S ! and d3[1;  ever, neither direct lifetime measurements nor theoretical
states are in a strong competition. calculations of the radiative and predissociative rates have
Regular and local uncoupling effects on the term values been carried out, though experiments of light emissi@js
of thed I, ande33, stated6-8], and the relative inten-
sity distributions in emission of the *II,—a®s; and
e’y —a’s, bandg3,9-13, have been extensively inves-  1[1¢ andIl" used as the\-doublet symbols in Ref16] should be
tigated in both H and D, molecules. Numerous direct life- replaced byll~ andII ™, respectively.
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and time of flight of dissociation fragmen{47] have been TABLE I. The experimental and theoreticat (*= 7,5+ T,}é&
reported. lifetimes (in ns) of H, 33! andd ®I1 levels. The theoreticat
Highly accurate BO potential curves together with thewas derived based on tfad initio dipole moments, and,.qbased
corresponding adiabatic corrections calculated by highlyen the coupling matrix elements calculated by #teinitio FDT
flexible variational wavefunctions are known for alk* method.
states considered in the present wpti8,19. A highly ac-
curate BO potential for the °I1, state is also availabl0]. o
However, regarding the °II, state, there is only the BO e’%, state
potential derived by the conventionab initio calculation

v/ N’ v” Branch Experimenalerron Calculated(erron

- : , h 0 2 0 R 33.9(3.8 30.7(0.5
Wlt_h a s_mall Gau§5|an—type o%bltéGSTO) basis se_[21]. The 1 2 0 R 30.3(1.1) 24.6(1.0
adiabatic corr_ectlons for bot _Hu states remain uncalcu- , 5 p 16.1(1.6) 13.7(0.5)
lated. The radial coupling matrix elemer@éR) between the o 2 0 R 11.9(1.4) 14.4(0.5
lowest °% | states were estimated in Rd22] from the 3 0 1 p 7.6(0.5 7.4(0.5
modelab initio calculations. No theoretical attempt has been ;| R 16 4(0' 7 7'8(0'5)
fmuﬁgﬁotr?scalculate thd-a ande-a transition dipole moment 4 1 2 R 47(1.2 4705

The main goal of this study is to elucidate the radiation 4 2 2 P 5.4 (0.7 49004
. . _ 3w + 4 3 2 R 11.5(0.6) 5.1(0.4)
and predissociation processes tbfll; ande33 " states.
. u . u 5 2 2 R 45(1.5 3.3(0.9
We present a comparison between experimental and theoret-
ical lifetimes for thed °I1,, ande 33| states of H and D, 430 state
molecules. The theoretical results were obtained based on the u
assumed competition between the radiative Y 4 1 4 Q 16.00.6) 9.900.5
—a®y;;d%l,—a’) transitions and predissociations 4 3 4 Q 16.60.7) 10.50.5)
caused by the radialeCs ~b3s ) ;d%l ~c3M;) cou- 5 1 5 Q 11.50.6) 7.30.3
pling. Although theL uncoupling of thee®S " andd3I1* 5 2 5 Q 12.30.9 7.50.3
states as well as fine and hyperfine interactions were ignored 3 5 Q 10.90.9 7.80.3
throughout the study, we believe that this work is a stepe 1 6 Q 10.20.4) 5.6(0.3
forward understanding dynamical properties of the ungerades 3 6 Q 11.35.3 5.90.3

triplet 3p complex states of molecular hydrogen.

line widths of 0.8-A full width at half maximuntFWHM) in

Il. EXPERIMENT AND DATA ANALYSIS the region studied. We identified each line belonging to
L o d®ll, -a®s; ande’s [ —a®%; bands by the wavelength

Lifetimes were measured by a delayed coincidencey,yas of Dieke 7] for H, and Freuncet al. [8] for D,. The
method. The experimental setup was similar to t?f‘at describefhes selected for lifetime measurement are shown in Table |.
n Ref. [16]. Briefly, the rovibronic levels ofd °Il, and  pjenging components to these lines were negligible. The
e’%, states in i and D, were populated by electron- ime intervals between molecular excitation and photon de-
impact excitation. The_electron _beams, generated by an elegsction were converted to voltage pulses by a time-to-
tron gun equipped with an oxide cathode, had 30-50-e\4mpjitude converter and distributed in a 512-channel pulse-
energy and 10-3@A current. They were modulated by pejght analyzer connected to a computer. The interval

adding rectangular voltage pulses of 200-ns width, 5-ns falhanyeen neighboring channels was 1.89 ns. A typical decay
time, and 100-kHz repetition frequency to the grid electrodesypye is shown in Fig. 1.

which was biased deeply enough to cut off the electron
beam. The ultimate vacuum 10 Pa of the vacuum chamber
was produced by an oil diffusion pump. The target gases 10°
were introduced through a capillary nozzle into an electron-
molecule collision cage, and differentially pumped out. Thus
the pressure in the cage was maintained at 1.2 Pa. We ascer-
tained that the errors arising from the collision effects on the

10

10'F ]

Count/Channel

lifetimes measured were negligible at this pressure. We mea-
sured the lifetimes ofl °I1, ande>3 levels by detecting
the photons fromd *I1,—a %%, (wavelength range 6300— 10t

L 1 2 | " | 2 1 2 |
6650 A) ande®s; —a®s " (5900-8550 A bands, respec- 0 100 200 300 400 500
tively. The photons emitted in a direction perpendicular to Time (ns)
the electron beam were focused by a concave mirror and @ FiG. 1. The decay curve recorded for the®S (v =1)
quartz lens onto the entrance slit of a monochromator with .23 (v'=0) R(1) line in H,. The decay function is assumed
1-m focal length. After being dispersed by the monochro+g peA,e Y71+ A,e "2+ B. The solid line shows a convolution of
mator, the selected photons were detected by a cooled pheéie decay function and an apparatus function. The fitting param-
tomultiplier. Two  types of  photomultipliers eters:7,=30.3+1.1(ng is a lifetime of thee % (v'=1;N'=2)
(HAMAMATSU, R649, and R2257Pwere used for the pho- level, 7,=82+23 (n9 is a long-lived component, ané,/A;
ton detection in the above wavelength range. We obtaineé-0.08+0.02.
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A lifetime was determined from each decay curve by the
following procedures. First, we performed a multiexponen- o
tial fitting with the programbpiscRETE[23] which gave the .
most probable number of components and their fitting pa-
rameters. Then we selected data which had one componet
or a true component plus a long-lived one. Next we defined &5’ _ S
convolution of one or two exponents with Gaussian appara-@ B N H(1s)+H(3)
tus function[24] of an appropriate width in the range 3.6— > /,O/~O
6.4-ns FWHM, and then, this was fitted to the decay curve<"-0.6 } O/
using the results obISCRETE as the initial values for the ¢ e peces
least-square fitting. The last procedure allowed one to in— ‘/ H(1s)+H(2)
clude data around the excitation cutoff time=(Q0) into
analysis. The fitting was made in the range ef{3<756 ns.
The errors of derived lifetimes consist of statistical errors in g

T . . -0.8
the individual fits, scatter among the independent measure \
ments, and errors arising from uncertainties of the time ori-
gin. We estimated the influence of cascade transitions on thi j -
present lifetimes to be negligible by the following reasons. \\
(1) The most reliable candidate to give cascade effects on the
e33 ! or d3I, lifetimes measured is gerade triples,d -1.0 4
complex @°%, , h3% i %y, j °A,) because their radia-
tive lifetimes (6—16 ng [25,26 are comparable with those
measured. However, recent investigations show that the de
cay branching ratios from the complex ec?Ej levels are
much smaller than those to®Il, or b33 [25,26. The
decay branching ratios from the complex to thdl1,, levels FIG. 2. The calculated Born-Oppenheimer potential-energy
are considered to be negligible due to the very small energyurves of theb 33 [, e33 1, ¢, d°I1,, anda®3; states of
gap between the complex addIl, state.(2) We carefully — molecular hydrogen.
analyzed the decay curves recorded for the
H, €33/ (1,00R(1) line by the progranbISCRETE varying _, 647" R LR
the starting time of analysis over a wide range. As a result, @4~ 3h 4 (i

3.
04 4 —_1—e 2:
—e—c’rl,

—o—d’M,

O

otential energ
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N/V
no negative amplitude component was found. Hence, any '
cascade component whose lifetime is shorter than the true SaNG 1
one does not exist in the spectrlity]. (3) After analyses by IN'+1’ (1)

the program DISCRETE we selected data consisting of

positive-amplitude components alone. The long-lived comwhered;;(R) is the transition dipole moment between the

ponents observed in the two-component spectra could bgndj electronic statesR is the internuclear distance, amg

easily separated. is the wave number of thie- j transition.Syy is the Hanl-
London factor, and the sum is over all the possible rotational
and vibrational radiative decay channelg, \/(R) and

Ill. OUTLINE OF THEORY xvnr(R) are the vibrational wave function®VF's) corre-
sponding to the bound levels of the upper and lower states,
respectively. The predissociative lifetimgeq(v',N") is ap-
The schema of potential curves presented in Fig. 2 an@iroximated by{28]

well-known selection rules for radiative and nonradiative di- L g 5

atomic transitiong5] show two possible decay channels for “1_ 4 2| * - a

the rovibronically excitede®3; and d°II, states of mo- Tored= 47°C| 50 (X (R)[2By (R) gplxenv(R))

lecular hydrogen. The first is the famous radiative decay into 2

the rovibrational terms of the Iow@r“"Eg state by emitting

3y + .43~ 3y + ;
a pzpton qufanta(;a y ?1 H“?ﬁ Eg lhyi Th? secgnd 'S honadiabatic electronic matrix element of the radial cou-
predissociative decay through the rovibrational continuum o ling. Herex, v (R) and yey(R) are the vibrational WF's

the lower-lying b3, and c°II, states, respectively: corresponding to the bound and continuum levels of the in-
e’s —b3X [ —H(1s)+H(1s) and d°,;—c’, teracting electronic states, respectively. Thus, in the present
—H(1s)+H(2l). adiabatic approximation, the radial coupling and transition

Under collision and cascade free conditions a reciprocaimoment matrix elements as a function of internuclear dis-
value of the experimental lifetime is the sum of the radiativetanceR and the relevant adiabatic vibrational WF’s are suf-
and predissociative channel rateg;,= 7+ Tpeq- The ra-  ficient to estimate both predissociative and radiative life-
diative lifetime 7,,(v',N’) is [5] times.

A. Radiative and predissociative lifetimes

wherem is the reduced molecular mass aBg(R) is the
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B. Radial coupling and transition dipole-matrix elements Where‘Pig(r,R) is the BO ground electronic state WF of

The radial couplingd;;(R) and transition dipoled;;(R)  the positive coreY, ,_,+(9,¢) is the ordinary spherical
matrix elements in a homonuclear diatomic molecule ardarmonic function corresponding to the orbital factor of the
B :<\IfiBo|d/d R|xijO> and d;; :<\I}iBO|Enrn|\IIJBO>, where remote electron, anlds the orbital angular momentum of the

\If%o(r,R) and\IijO(r,R) are the BO electronic WFE's of the outer electronA andA * are the projections of the electronic

i and| interacting statest is the radial coordinate of the @ngular momentum operatots, and L, jo, on the internu-
electron, and the sum is over all electrons. In the preserfil€ar axis, respectively. The radial part of the Rydberg or-
work B;; andd;; electronic matrix elements have been esti-bital Py(r,R) are available in the closed forfB3]

mated by direcab initio calculations as well as in the frame-
work of quantum defect theor§QDT) approximation29]. PR‘I(I‘,R)ZW,,n’|+1,2(2|’/Vn)/vn VI (v + 1+ DT (v,— 1),
(6)

1. Ab initio calculations

The required BO eigenvalues and eigenfunctions for alwherev,(R)=n— u, x(R) is theeffective quantum numher
states under consideration have been computed by the fullkn A(R) is thequantum defect functiomndl” andW are the
configuration-interactiofFCl) method with contracted GTO gamma and the Whittaker functions, respectively. The
basis set. The employed orbital basis was composed of then a(R) functions may be obtained by a rearrangement of
sets of the averaged atomic natural orbitalthe Mulliken equatiorf34]

(8s4p3d)/[6s4p3d] centered on the H atoni80] and aug-

mented by the Rydberg-likes (exponential parametef 5O 8O

=0.01), p ({=0.03,0.01), andl ({=1,0.03,0.01) functions Unn(R)=U5(R)— >
on the center of masses. Thea ande-a transition dipole 2[n=pna(R)]
moments were estimated in the dipole-length approximation. 50 BO _

The radial coupling matrix elements fdrc ande-b pairs of ~ WhereUy "y andU = are the BO potential curves for mo-
the interacting states were calculated by the finite-differencéecular Rydberg states and the ground state of the ion, re-

)

technique(FDT) [31] spectively. In the framework of the QDT approximation the
\ _ oo o B{}(R) andd;"*'(R) matrix elements are given by the ana-
Bjj(R)=lim (¥{(r,R— 6R/2)|W{™(r,R+ 6R/2))/ 5R lytical forms[26,35
SR—0
€ N
B(R)= £aN M ®
and by the Sidis formul§32] I vi— 1?2 :
A Boj_ L\ 80 |11y 1 K
Bij(R)=| (¥ |_§A|q’j ) AU;; AN
g 0 0 O/JIAT=A A—-A" A'—=A"

+HAU(PPO X r3 w02 /R, (4) X[(21+1) (2" + D)%y, 9

. o whereuy =du, /dR and
where —3A is the electronic kinetic-energy operator and

AU;;=UP(R)~UPO(R) is the difference between BO po-
tential curves of the interacting states. The step of the nu-
merical differentiationdR in FDT was selected to be 0.0001
a.u. for all internuclear distances, since the doubled increass the radial dipole matrix element. Hence only flag,(R)

ing or decreasing of the present step size has been proven fianctions are needed to estimadg (R) and d;;(R) matrix

give negligible variation in the resulting FDBj;(R) values  elements. For each molecular state under consideration the

nj,l’:lil

SiJ(R):(_l)A_A+<P/n\i 'I|r|P/\’:/\,A:1>

in the R region studied. una(R) function was derived from Eq(7) using the
ab initio UE,‘?A obtained in the preceding subsection and the
2. Quantum defect approximation ab initio Ui? taken from Ref[36]. The u) values were

Analysis of the derivedab initio WF’s shows their pre- calculated by an ordinary cubic spline interpolatiorugiR)
dominant Rydberg character at least at the small and mediuvglues. The radial matrix elemeng;(R) were evaluated
internuclear distances. Indeed, thés |, e33}, ¢®1,, numerically by asymptotic expansion of the Whittaker func-
d3l,, anda’s; states have @o, 3po, 2pm, 3pm and  tonin Eq.(6) [37].
2so leading electronic configurations, respectively. This al-
lows us to apply the QDT approximation to the present C. Potential curves, rovibrational wave functions,
states. In the simplest one-channel representation the BO WF and matrix elements
belonging to a given Rydberg electronic state with a fixed

value can be approximated E29] The rovibrational energieg, and WF's y,n(R) for

bound and continuum levels for all states studied were de-

rived by a numerical solution of the radial ScHimger equa-
VR R) =TRE(LR)Y 4 4+ (9,0)PY(LR),  (B)  ion
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] for the 33 and 11, states presented in Fig. 3 shows that
047 sk (a) the 33 states should be significantly more perturbed than
1 aln ——FDT Su gniticantly periu
0.3 2 om o QDT the H.“ states. Fortgnately, highly ac_curam initio I_SO
; ;/ P potentials together with the relevant adiabatic corrections are
024 0\ ae L as available for all states under consideratigi8,19. For
1 \o ez, ~bzx, these reasons, the IPA potentials have been derived only for
0.1+ 0 d 311, states of b_oth bl an_d D, molecules. For the °I1,, _
- 1 —o—"" state the adiabatic potentials were evaluated by a combina-
s 00 g tion of the highly accuratab initio BO curve taken from
7&7 T \D\u\u Ref. [20] and adiabatic correctioA,{R) estimated by the
2 0.1 Ao QDT approximatior{ 35]:
A A o .
x oy AddR)= 5| AN(R) ()22,
£ 0064 | (b) i)
g | .\ ZRIU,, + Vi
s 0.04 o m &1 ~c'n, s | (11
8 002 o . '
S 1 Va\ - . whereA°"(R) is the adiabatic correction for the ground state
8 0.00 _ \9\ 075‘9 of the hydrogen iorf36]. The potential curves thus obtained
0,02 - e //u for the states under study are shown in Fig. 2.
l \Qg§ o A As is well known, theB;;d/dR operator is not Hermitian,
-0.04 \gﬂ!/{//ﬂ so in practice the termdB;; /dR should be added to make the
LN S S B S e B E—— total Hermitian operator. Indeed, sinBg is anti-Hermitian,
0 1 2 3 4 5 6 it can be easily proven by integration by parts that the equa-
R (a.u.) tion
FIG. 3. The nonadiabatie 3 ~b 33 (a) andd °IT,~c I, d dBj _ d dBy
(b) radial coupling matrix elements calculated by the finite- Xi|2Bijgrt gr X/ =\ Xi|2Bigrt Gr X

difference techniquéFDT) and the Sidis formuldSF as well as (12

those estimated in the framework of quantum defect théQDT).
is valid. However, the left- and right-hand sides of ER)

are not necessarily equal in actual calculations because of
- EVN]XVN(R):O! their limited accuracy. This means that both sides of the Eq.
(12) can be used to control calculational accuracy.
(10 To integrate Eq(10) we implemented the iterative renor-
malized Numerov algorithnj40] combined with the Rich-

where U,(R) is the mass-dependent rotationless adiabati@rdson extrapolatiofi41]. This construction allows one to
potential based on the BO separation. Figure 2 shows thatr@duce the absolute errors in rovibrational WF’s t6 10The
predissociation of the rovibronie®> and d 1, levels  continuum WF’s were normalized in energy by the matching
corresponds ta® case of the Mulliken’s classificatioi8]. of a numerical eigenfunction to its quasiclassical counterpart
In this case the predissociation rate is expected to be expat a large internuclear distand@8]. An efficient phase-
nentially small and extremely sensitive to the accuracy of thenatching method was employed to determine the eigenval-
xvn(R) and xeryy(R) vibrational WF's[5]. Hence, the ues of the bound stat¢42]. The ordinary cubic spline inter-
most accurate adiabatic potentiéspecially their repulsive polation was used in Eq12) to estimate the first derivative
walls) are needed to obtain a feasible magnitude of the rovief the vibrational WF’s andB;; matrix elements with respect
bronic matrix elements of the predissociation. The requiredo R.
adiabatic potentials can be obtained from the direct highly
accurateab initio calculations of BO potential curves to-
gether with adiabatic corrections and also from the experi- o dats
mental rovibronic level positions either by a widespread The lifetimes measured and calculated for BX (v
Rydberg-Klein-Ree$RKR) method or by inverted perturba- =0) andd °II, (v’ =4) levels are shown in Table I. A com-
tion approachPA) [39]. The semiclassical RKR inversion parison between the experimental and theoretical data over a
procedure is not ideally suited for the hydrogen isotopes duwide range of the” andN’ values and for different isotopes
to their small reduced mass. The full quantum-mechanica®re also shown in Figs(& and 8b) and qa) and 1b). It can
IPA method is essentially more accurate than its RKR counbe seen from Table | and Fig(af that the measured life-
terpart for all hydrogen states. In most practical cases théimes of H, €% levels generally decrease witH, while
empirical IPA potentials are more accurate than thgiini-  those of B levels remain almost constdsee Fig 5a)]. This
tio counterparts. However, an application of the RKR or IPAstrongly supports a conclusion of the previous wptg] in
procedure is generally restricted to unperturbed electronithat some of thee33 ! levels are predissociated in,Hbut
states. A comparison of the radial coupling matrix elementsiot in D,. Moreover, it suggests that the lifetime variation

d? FUR+ N(N+1)
2mgRrz 2mR2

IV. RESULTS AND DISCUSSION
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4.5 TABLE Il. The QDT adiabatic correctiorA,{R) for the

40 e’s-a’y, P (a) H, c I, state calculated by Eq11), and the empirical adiabatic
1 O IPA potentials for thed °II, state of B (Te=110520.36 cm?)
3'5-_ = and D, (Te=111180.40 cm?') constructed by the experimental
3.0 1 Ll term values from Ref47,8]. Internuclear distancR in a.u., energy
— 254 incm™.
5 |
s 297 ——sb initio R Adcilly(Hy)]  IPA[API(Hy)]  IPA[3I,(D,)]
— 154 —0—QDT
GC, q O—- - —e— empirical 1.10 84.456 23226.67 23183.41
g R |:|/D 1.20 81.164 16034.73 16011.71
e 0997 1.30 78.212 10805.27 10793.57
@ 00 T T T T T T 1 T T 1.40 75.567 7025.82 7019.73
8 ,5. ° L 2 3 4 5 6 1.50 73.196 4332.42 4328.88
g o s ot -— (b) 1.60 71.073 2462.16 2459.79
s 1 do-ax -/-/ 1.70 69.171 1221.84 1220.14
= 20+ p, -\\- 1.80 67.469 467.18 466.06
% : - D\g\m 1.90 65.947 88.86 88.33
|: 1.5 " 1.95 65.248 13.83 13.62
; 1.96 65.113 6.79 6.65
= 2.00 64.588 3.05 3.17
1.0 -
- 2.05 63.965 48.84 49.28
. o 2.10 63.377 144.56 145.31
05 e 2.20 62.300 463.38 464.23
— ————————1— 2.30 61.347 917.21 918.60
0 1 2 3 4 5 6 2.40 60.507 1475.00 1476.84
R (a.u) 2.50 59.770 2110.12 2112.84
2.60 59.130 2803.97 2807.02
FIG. 4. Thee®3 [ —a®s; (a) andd °I1,—a >3  (b) transition ~ 2.80 58.107 4301.62 4305.23
dipole moment functions calculated directly frab initio WF's in 3.00 57.390 5868.60 5872.77
a dipole-length approximation and estimated by the quantum defectz 25 56.860 7828.57 7833.48
theory (QDT). Empirical moments were derived in Refd.0,12 3.50 56.675 9717.74 9723.44
from thg e.xperimental relative intensity distributions in tha and 3.75 56.780 11490.13 11496.21
e-a emission spectra. 4.00 57.122 13119.51 1312551
with v in the H e3®3 | state is attributed to predissociation jég 2;223 Eggg:ig iggii:gi
by radial coupling between the®3 [ and repulsiveb 33, 500 59 966 18075.97 18069.67
states because significantly shorter lifetimes are observeq - 61.682 19690.48 19668.39
even forN'=0 levels at which thd_-uncoupling predisso- 6.00 63.221 20873.24 20828.26

ciation should not occuf5]. It can also be seen in Table |
and Fig. Tb) that the lifetimes of the K d I, (v'=4)
states decrease abruptly in the energy range higher than tB&) show that the simple one-channel QDT approximation
H(1s)+H(2l) dissociation limit, which is in agreement works better fodl states than fok states. Indeed, the QDT
with the results of Burshteiret al. [15], while those of B(R) function for thell states almost coincides with its FDT
D, d3II,(v'=5) levels still remain almost constant, as counterpart, while for th& states the QDT result is close to
seen in Fig. ). the ab initio one at small internuclear distances only, and
The resultingab initio and QDT radial coupling matrix diverges aR=2.5 a.u. The latter is attributed to the increase
elements for thé’s " and 311, state pairs are presented in in ionic character in theb initio WF of the lowestbX |
Figs. 3a) and 3b), respectively. TheB(R) functions ob- state asR increases. Therefore, the single-cenper Cou-
tained by FDT and Sidis formula almost coincide state  lomb WF used in the QDT model to approximate i,
pairs, but slightly disagree fdil state pairs at small internu- state is not valid aR=2.5. The analogous situation takes
clear distances. This means that the presdninitio WF's  place for singlet counterparts of the triplet staf85]. The
and energies are more accurate Jostates than fofl states presenB(R) matrix elements between states are in quan-
because the analytical Sidis approach is expected to be motitative agreement with the result of model calculations per-
sensitive to the accuracy of the BO energies and WF’s thaformed in Ref.[22].
the FDT method31]. This conclusion is confirmed by a  The resultingab initio and QDT dipole moment functions
direct comparison of the present BO curves with more accufor €33 f-a 32g andd®I1,-a 32; transitions are presented
rate ab initio [18—2(Q and empirical IPA potentials; that is, in Figs. 4a) and 4b), respectively. At small and medium
the observed energy difference for allstates does not ex- internuclear distances the QDT functions for both transitions
ceed 20-50 cm?, while for thell statesand especially for are very close to theiab initio counterparts, and slowly di-
the d®I1, statg it reaches 150—200 chi. Figures 3a) and  verge asR increases. The latter is not surprising since the
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TABLE Ill. The experimental and theoretical Y 90
=|(v’|dlv"){v']d[v")|?  ratios  for  the dBIT,(v') 1 (a) &°s” state )%
—a®¥ (v";v") transition in H and D, calculated byab initio 80 1 * y
and QDT dipole moments as well as those extracted from the ex- 1 A//
perimental relative intensity distributions in R¢12]. 704
v Y % Experiment QDT ab inito > ] A
H, R 50
o : |
0 1 0 0.0940.005 0.111 0.114 2 0]
1 0 1 0.0560.002 0.049 0.047 o ] /ejé/
1 2 1 0.2680.015 0.249 0.257 2 504 eﬁe/
2 0 2 0.00380.0003 0.0029 0.0027 DN T T T T T T T T T T T
2 0 2 0.00300.00022  0.0029  0.0027 IS 50 - c 1+ 2 3 4 5 6 7 8 9 10
2 1 2 0.1400.005 0.112 0.106 $ b 5 .
2 1 2 0.1200.003% 0112  0.106 £ (b) dil, state
2 3 2 0.410.02 0.427 0.439 D _ A OE
3 1 3 0.01680.00089 0.011 0.010 5 * T e~ R oo
3 1 3 0.009%0.0005 @ 0.011 0.010 1 D—D——D'D'—E—ﬁ —o—
3 2 3 0.2190.006 0.189 0.179 30
3 2 3 0.1800.004 2 0.189 0.179 ] m  Experiment
3 4 3 0.6%0.03 0.661 0.679 o ab initio
4 3 4 0.340.02 0.287 0.270 20 1 _~— QDT
4 5 4 0.930.06 0.977 1.003 ! A Ref[16]
5 4 5 0.440.02 0.409 0.382 10
5 6 5 1.510.09 1.413 1.444 6 1 2 3 4 & 8 7 8 © 10
6 4 6 0.150.01 0.109 0.098
6 5 6 0.620.03 0.559 0.519 v
FIG. 5. Experimental and calculated radiative lifetimes of the
D, e3> (a) andd I (b) states oD,. The predissociation effect is
negligible in both states.
0 1 0 0.14%0.004 0.140 0.143
1 0 1 0.0840.009 0.0852 0.0825 small internuclear distances. Both theoretical functions are in
1 2 1 0.3100.009 0.328 0.335 reasonable agreement with their empirical analogs near equi-
2 1 2 0.2100.006 0.194 0.187 librium points of the interacting states. The divergency in-
2 3 2 0.570.03 0.588 0.599 creases rapidly aR increases, especially regarding tea
3 2 3 0.380.01) 0.336 0.324 transition. This should be attributed to an extrapolation error
3 4 3 0.910.05 0.959 0.977 in the empirical functions beyond the experimental data
4 3 4 0.560.03 0.529 0.507 range used for their construction.
4 5 4 1.620.15 1.515 1.539 The adiabatic corrections obtained by HGl) for the
5 4 5 0.8%0.04) 0.805 0.767 H, c3ll, state together with the derived IPA potential
5 6 5 2.490.15 2394 2.422 curves for H and D, d3II, states are presented in Table II.
To construct the IPA potentials, onkl ~ term values were
®*Experimental data from Ref11]. used because they do not undergo tthencoupling pertur-

bation effect, unlike thél* ones. The derived adiabatic po-

expectation value of the remote electron distaneg(312  tentials of thec 311, state reproduce the experimental term
—1(1+1))/2 for the first member of the Rydberg seriesp2 ~ value positions of the °I1, state for both isotopef7,8],
corresponding to tha 33 state becomes comparable with with a mean-squared deviati¢s.d) of 0.5 cm L. This gives

the internuclear distance R=5 a.u.[26]. At the same time, US absolute insurance in the high accuracy of the repulsive
the QDT approach allows one to estimate the dipole momentall of the derived adiabatic potentials for tb€ll, state.

at very small internuclear distances and in the united-atond he derived IPA potentials fit the relevant experimental rovi-
(UA) limit. Moreover, the difference between experimentalbronic term values for b (Osv’'<9,1sN’'<8) and

and QDT data obtained in the UA limit can be considered a®, (0=<v’'=<10,1<N'<18) d°lI, levels [7,8] with 0.11

an independent accuracy test of the derived molecular m@nd 0.15 cm* s.d., respectively.

ments at smalR values. Indeed, the experimental dipole  The required vibrational WF's of theé 31, andX states
moment of the 3P—23S Hel atomic transition, which is the were obtained from Eq10) with IPA potentials and fulbb

UA limit for both e-a andd-a molecular transitions, is equal initio adiabatic potentials taken from Refsl8] and [19],

to 0.524 a.u[43], while its QDT counterpart estimated by respectively. To test the IPA potential curves for th&ll

the v values of the corresponding Hetomic state$43] is  state as well as the derived QDT aal initio d(R) func-
0.557 a.u. Hence the absolute accuracy of the QDT moment®ons for thed-a transition, the vibronig\v’|d|v”) matrix

for the above-mentioned transitions is better than 0.05 a.u. alements for both isotopes were calculated and are compared
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FIG. 6. Predissociative and radiative lifetimes of the FIG. 7. Experimental and theoretical lifetimes of tdaéEJ (@
e*3 1 (N'=0) (a) andd 3T, (N'=1) (b) states of H calculated andd®II; (b) states of H. The theoretical lifetimes were derived
with ab initio and QDT radial coupling and dipole moment func- based on the dipole moments calculated byahénitio method and
tions. the coupling matrix elements calculated by thb initio FDT

method.
in Table Il with the experimental data extracted from rela-

tive intensity distribution in emission of tmb3Hu‘—>a32g The predissociation rates of the rovibrom’a@EJ and
transition[11,12. A good agreement between the experi-d °I1; levels of H, and D, have been estimated by a com-
mental and theoretical data obtained by both QDT abd bination of Eqs(2) and(12) using the theoretical radial cou-
initio d(R) functions gives us an additional insurance con-pling functionsB(R) mentioned above. The relevant bound
cerning the derived IPA potentials for both isotopes since thend continuum vibrational WF’s were obtained from Eq.
overlap integralgv’|v”) are very sensitive to the accuracy (10) with ab initio adiabatic potentials fa¥ stateq19], with

of the potentials usefdt4]. The pure radiative lifetime values IPA potentials from Table Il for the I, state and with the
calculated using Eq(1) are presented in Figs. 5 and 6. The BO potential[20] plus the QDT adiabatic correction from
mass dependence of the radiative lifetime values was founttable Il for the c®I1, state. The results foe33 (v’

to be negligible for both the®s andd’Il, states. This =0;N’'=0) andd 31, (v'=4;N’'=1) levels of H derived
proves the validity of the adiabatic approximation in the ra-with differentB(R) functions are presented in Figgaand
diative lifetime case. Th&l’ dependence of the.q values  6(b). For both states studied the predissociation rates were
was found to be almost negligible fd¢’ values up to 5 as  found to be almost independent of tNé values, and rapidly
well, while the corresponding vibronic matrix elementsincreased as/’ values increased. However, the absolute
(v'[d|v") for both transitions showed pronounced mass andnagnitude of the predissociation rates is very small compa-
N’ dependences. The obtained pure radiative lifetimes for allable to the radiative decay rates even at the highest vibra-
levels ofe>3. andd I, states of D are in good agree- tional levels. Moreover, thegréd values for [} are approxi-
ment with the relevant experimental data as seen in Figs. 5 mately 16 times smaller than those for ,H Thus, as
and §b). This means that the deuterium states undergo raexpected, the predissociation decay channel is negligible in
diative decay only. The experimental lifetimes for comparison with the radiative one for,Dlt is interesting

H, d3II, (v'=<3) levels lying below the dissociation limit that the calculated predissociation rates cannot be simply ex-
of the perturbingc 311, state[15,16] agree well with their plained by explicit mass dependence of relati@. The
theoretical counterparts derived by both QDT adglinitio  main contribution in the dependence gf.40n the reduced
d-a dipole moment functionfsee Fig. T)]. The calculated mass comes from the exceptional sensitivity of the exponen-
Trag Values for thee 33 © state also confirm the indirect life- tially ~— small differential Franck-Condon factor
time estimates derived by the relative intensity measureK x, n/|dxesn'/dR)|? to the nodal structure of, ' (R)
ments in Refs[3,10]. and yern (R) vibtrational WF’s in theR region near the
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maximum B;;(R) function. A sum of both predissociative k3II, 3,4p-complex triplet states, in addition to predisso-
and radiative decay rates for ,He33(v'=0) and ciations throughb ®3 | andc?II, states. For instance, for
d3II, (v’ =4) levels, presented in Figs(af and 7b), arein N’ dependence of lifetimes of the®S.; (v'=4) levels, a

reasonable agreement with the experimental lifetimes. qualitative explanation is possible by considering the strong
local L-uncoupling perturbation effect from thet°IT, (v’
V. CONCLUSIONS =1) levels[16]. Therefore, in order to obtain more of an

insight into the nonadiabatic behavior of an ungerade triplet

An overall quantitative agreement between the experip complex, simultaneous treatment of all participated states
mental lifetimes measured by a delayed coincidence methoghentioned above is certainly required, instead of the present
for e33; andd I, states of both isotopes, and the theo-two-level interaction treatment. In particular, extensale
retical results obtained based on the assumed competitidnitio calculations with a huge GTO basis set together with a
between radiative and predissociative decay have beedirect numerical solution of channel-coupling equations
achieved in the present study. The predissociative rates f@among these states is now in progress. Further accumulation
bothe33 " (v'=0) andd [, (v'=4) states of H rapidly  of experimental lifetime data and emission intensities is also
increase as the’ value increases, and become comparablenecessary. This involves systematic lifetime measurements
with the radiative decay rates, while for,the predissocia- for the triplet 40-complex levels and improvement in experi-
tion effect is negligible for both states and the experimentamental accuracy.
lifetimes correspond to the radiative decay channel only.
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