VOLUME 76, NUMBER 15 PHYSICAL REVIEW LETTERS 8 ARRIL 1996

Precision Lifetime Measurements inH,: Disagreement with Theory
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We have measured the lifetimes of three rovibrational Iev@?—E—;(v =1,N =2), i3H;(v =
O,N = 1), andj3Ag*(v = 1,N = 3)—in then = 3 complex of H with a precision of 2%. On the
basis of the first two measurements, we suggest that a previously neglected decay channel should be
included in theoretical treatments and may have played an important role in an earlier experiment.
Our value for the lifetime ofj3A;(v = 1,N = 3) agrees well with the earlier experiment; the best
theoretical estimate lies almost 50% higher.

PACS numbers: 33.70.Ca

Diatomic hydrogen is the electronically simplest neutraln = 3 states is fairly well understood. Our lifetime mea-
molecule; hence comparisons, and especially discrepasurements indicate otherwise. The implications of this
cies, between theory and experiment are uniquely impordisagreement may go beyond the fact that we simply do
tant in assessing our physical understanding of moleculesot fully understand some bound states of diatomic hy-
Unexpected discrepancies found in hydrogen necessarilyrogen; the nuclear motion couplings (rotational and vi-
raise serious questions about the reliability of results fobrational) that are responsible for the breakdown of the
more complicated systems. The principal conclusion oBorn-Oppenheimer approximation in the= 3 manifold
this Letter is that there exists a flaw in the understandare also responsible for reactions in atom-atom collisions
ing of the structure of low-lying bound electronic states ofwhen these collisions are described in a molecular ba-
H,: For at least one radiative lifetime, the best theoretsis. Again, molecular hydrogen is the smallest system for
ical prediction lies almost 50% above our high-precisionwhich these couplings are important.
measurement. The high-precision measurement of radiative lifetimes

Bound states of molecular hydrogen are classified by then atomic systems [8]—some states have now been
principal quantum number of the outer electron. There measured tol/4% [9]—is a recent development in
are two limiting regimes for bound states. Fer< 2, atomic physics. The advance in precision has been the
the outer electron is close to the,Hcore. It interacts result of careful attention to systematic effects; the basic
strongly with the nuclei and inner electron. Such statesechniques have been around for decades. Only recently,
are in harmony with the mechanical view of molecules ashowever, have atomic theoretical techniques developed to
rotating masses connected by springs. In calculating proghe point that it is worthwhile to make comparisons at the
erties of these states, the most important approximation igercent level. The present work represents an extension
that both electrons are able to follow the nuclear motionspf this effort to molecular systems. While we do not
i.e., these are good “Born-Oppenheimer” states. Computaet rival the precision obtained for atomic systems—we
tional techniques have proved so successful for such statesport three values at the 2% level of precision—to our
that meaningful comparisons between theory and experknowledge, these represent the most accurate molecular
ment can be made to test very small QED effects [1].  lifetime measurements to date. They are certainly good

The other limiting bound-state regime fok ldescribes  enough to identify the problem we discuss below.
electronic states witlh = 4. In these states, the slowly In Fig. 1, we show adiabatic (clamped nuclei) po-
moving outer electron barely interacts with the'Hcore,  tential energy curves for the four molecular electronic
and a picture of these states as “exotic Rydbergs” is apstates making up then“= 3 triplet gerade complex.”
propriate. The “polarization model” of Eyler and Lun- These are thamolecular states that describe a system
deen [2] starts from this perspective and has successfullyith an outer electron in either as (= h32;) or 3d

described these states. (= g’} °II7, andj*A7) atomic orbital. When nu-

The n = 3 states, for which we have measured radia-clear motions, both rotations and vibrations, are included,
tive lifetimes, lie between these two limiting regimes. Be-the electronic states are mixed, and so the electronic chara-
cause it is a model system for studying the breakdown ofter of the spectroscopic or physical rovibration states is
the Born-Oppenheimer approximation, the= 3 mani-  ysually some combination of, II, andA. The state’s
fold has recently been extensively studied, both experitabel merely indicates thelominant component. The
mentally [3] and theoretically [4—7]. Most of this recent 3p molecular states are ignored because their ungerade
work has focused on measuring and calculating energgymmetry allows them to interact with the others owig
levels, and the current good agreement between theoryeak hyperfine couplings. However, as we show below,
and experiment suggests that the essential physics of tliee ¢3*, which corresponds to ap atomic orbital, is
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TABLE I. Lifetimes of levels in then = 3 triplet gerade
complex of H.
— Experiment [10] Theory [7]  This Work
% v N State (ns) (ns) (ns)
~ 0 2 n’s; 48.8 58.8
gwﬂ 1 2 17.0 16.0
o 0 2 ¢ 32; 11.1 6.9
g 12 1.5+ 04 6.2 6.05 = 0.11
= 0 1 i’l; 135+ 1.0 9.1 8.66 + 0.16
—14 0 3 U=4) 12.9 10.2
© 0 3 (J=23) 11.6 10.2
+ 11 13.1 8.2
513 1 1 3 12.0 8.9
3 0 2 3l'I; 135 10.1
A 12 - 1 2 15.2 13.1
0 3 j 3A; 14.8 17.4
b+ 1 3 12.7 + 2.0 185 1277 = 0.30
11 — I I I 01 j 3A; 15.4 16.4
1 2 3 4 5 1 2 15.6 19.2

Internuclear Distance (A)

FIG. 1. Adiabatic potential energy curves of triplet.HThe . . .

left-hand scale gives the energy in eV with respect to the? = 3 manifold, symmetry considerations do not allow the

ground stateX lg;(v =0, N = 0). The dark curves are the Nnuclear motions to mix this state and other (adiabatic) elec-

states in the triplet = 3 gerade manifold. tronic states. The theoretical problem involves a simple
electronic structure calculation. Given the excellent quan-
tal chemistry codes that are available, we felt theoretical
estimates should be most reliable for this state.

important to the discussion of the radiative properties of T_he bgsm idea of_ourexpenment IS to populate a specific

the complex. rovibrational level in then = 3 manlfold_ and then to _

our interest in lifetimes in the: = 3 manifold was Measure the rate of decay of that population. A schematic

piqued by a 1991 work of Schiret al. [7] in which high-  ©f the experimental apparatus is shown in Fig. 2. The
quality structure calculations were used to “disentangle’l'fet'me measurements take place in a molecular beam and

dense spectra due to the= 3 manifold and to sort out use two pulsed dye lasers. The= 3 states lie more than
the energy levels of the many individual rovibrational lev- 13 eV above the ground state 0bH To populate them,

els. They achieve impressive agreement between theo beam of neutral m0|eCU|ar hydrogen passes thrc>5ugh a
and experiment—in general, the calculations are able t old-cathode-type discharge [11] that excites abigt

reproduce experimental energies to better than a wa f the b‘?am into long-lived metastable levels of thdl,,
number. Motivated by the experimental data of Eylere ectronic state. These metastables serve as a platform
and Pipkin [10], Schin®t al. reported in the same paper

lifetimes for severaln = 3 states. The comparison be- TV
tween calculations and measurements is shown in the left NE:;?
columns of Table I. The measurements have claimed ac- (532 nm) Dye Laser Delay
curacies of(5-10)%. While the calculations do reflect - (580 nm) Line

general features of the experimental data, the quantita- -+ :
/_§Lasar
(826 nm)

tive comparison is not very satisfying. In the case of the
g’ 3/ states, for example, the disagreement between the-Multi-channel s
ory and experiment reaches almost a factor of 2. SchinsPlate Detector t———

et al. suggested the largest discrepancies may have beer HE Dggg::rge
caused by technical limitations in the measurements. b E

We decided to investigate this by making more pre- H
cise measurements for three of the statgéig(v = - Metastable H,

ILN =2),j°A; (v =1,N =3),andi*Il; (v = O,N =

1). We picked the first wo simply because the dlsagreeI_:IG. 2. The experimental apparatus. The second harmonic of

ments between theory and _experiment were among the? Nd:YAG laser pumps both the exciting and ionizing lasers.
largest. We measured W‘éﬂg (v = 0,N = 1) state be-  The delay is achieved by allowing the YAG pump beam for the
cause it is a “pure Born-Oppenheimer” state; within theionizing laser to pass multiple times through a White cell.
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TABLE Il. Excitation frequencies used to populate= 3 triplet gerade levels in A
Transition frequency

Lower metastable level Upper = 3 level (cm™h)

¢’ (w=0N=2) i*T; (v =0,N =1) 17004.3

¢*M; (v=1,N=2) g’SF (w=1,N=2) 16515.5

¢l (v=1N=2) j3A, (w=1,N=3) 17509.0

for laser excitations. A tunable laser wi nJ of energy tion. Hence, théransition momeniay be exceptionally
and a wavelength arourf0 nm drives a transition from large. We have estimated the branching ratio of sponta-
one of the metastable levels and populates the individualeous emission t@32; using the Coulomb approxima-
n = 3 rovibrational level to be measured. The specifiction [13], and predict it to benearly equalto that of the
transitions we used for this step are recorded in Table llc *II,, branch (which the “theory” calculations include).
After a delay that can be varied from 15 to 40 ns, aWhile our Coulomb approximation is no substitute for a
second laser of 1 to 2 mJ energy and wavelength neaealistic structure calculation, it certainly suggests that this
826 nm ionizes a portion of the molecules remaining inadditional radiative branch cannot be discounted.
then = 3 level. By measuring the ionization yield as a Next, we consider our measurement of the lifetime
function of the delay time between the two laser pulsesof g32;(v = 1,N = 2). The earlier experiment-theory
we determine the lifetime of the excited level. Figure 3discrepancy was largest for this state. Our result is near,
shows a representative decay curve. but a little lower, than the theoretical prediction. Again,
Table | records the lifetime values we measured. Taincluding the radiative branch t@32; in the theory
ble Iilis our systematic error budget. Because our experiwould improve the agreement. The'S" decay chan-
ment seems to be free of significant sources of systematitel may also explain the large lifetime found in the ear-
uncertainty, we expect our results to be extremely reliablelier measurement. That experiment proceeded much like
The 2% precision of the results we report is presently lim-ours; an individual rovibrational level was populated by a
ited by the statistics of the measured ionization yield sigiaser excitation, and its decay in time was measured. But
nal and fluctuations in the metastable source during théhere is an important difference between the two experi-
measurements. The technique has the potential for makingents. While we ionize and detect the excited molecules
sub1/2% measurements. To do so requires more carefuhat are left after a delay, the earlier one monitored the
monitoring of the metastable source and pulse counting aéxcited-state population by observing UV photons that
the ionization signal. In this work, we measured the intepresumably came from spontaneous emissions ‘8.
grated charge created by ions in a charge multiplier, anéjowever, decay to the*S," channel leads to a slow ra-
this signal has relatively large (random) fluctuations due tajiative cascade that can also create an ultraviolet photon
the statistics in the charge multiplication process. within the bandpass of that experiment. Such an alternate,
We discuss our results in comparison with the previ{ong-lived decay route can have an enormous effect on the
ous measurements and calculations. First, our value faheasurement of a short lifetime. As time passes, the ex-
the pure Born-Oppenheimer staté]l, (v = 0,N = 1),  cited state population that produces the “real” photons is
lies about 5% —almost three experimental standard de-
viations—below the theoretical prediction. This lifetime
has also been independently computed by Guberman an
Dalgarno [5], and the two theoretical estimates agree g | L
well. We take this discrepancy to be real and now be-
lieve it indicates the importance of a decay channel thatg 3.0 »
has been underestimated in the theoretical treatments an g
not considered in the previous experiment. As shown in & 2 7 i
Fig. 1, there are¢hreeelectronic states into which electric
dipole radiative decay from an3H; level is allowed: &
-

b33F, ¢3II,, and ¢*S}. Both theoretical treatments
and the analysis of the earlier experiment include only the
first two decay channels. Schimt al. commented that
the transition rate te°3," should be about 1000 times 0.5 | : | ‘
smaller than that to >3, since spontaneous emission 15 20 25 30 35 40
rates scale with the third power of the photon energy Time (ns)

[12]. However, the Il (v = O,N = 1) = ¢ S} tran- FIG.3. A representative decay curve. This one is for
sition is, to lowest order, 8d = 3p electronic transi- g32;(v =1,N =2).
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TABLE lll. Sources of systematic error. The magnitude is of the 832; decay channel is accurate, the agreement
the fractional qontyibution of the source to the uncertainty inimproves, and the results of an earlier experiment may
the measured lifetime. be understood. For the third state, both we and the earlier
Source Magnitude experiment show a large and puzzling disagreement with
— : _ theory.
Collisional quenchin 1078 ; L . .
Radiationqtrappingg 10-5 This work was supported by NSF via its Presidential
Zeeman quantum beats 1073 Young Investigator's program and by a seed grant from
Delay line calibration 2 %X 1073 the Ohio State University. We acknowledge Terry Miller
lonization by exciting laser 4 x 1073 for helpful conversations and E. Hufstedler, T. Barrett,

J. Fox, and D. Van Domelen for technical assistance.
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