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We have measured the linewidths of 35 different triplet Rydberg states of the H, molecule with
quantum numbers n=10-22, L=3, v=1, and R=0-4. An 18-eV electron beam excites a collimated
H, beam to the metastable c(2p)°Il, state. Stepwise excitation using two counterpropagating cw
single-mode dye laser beams excites the metastable molecule first to an intermediate state [(3d)*Z or
(3d)’I1] and then to a triplet nf Rydberg state. The linewidths for the nf Rydberg states give the
autoionization rates, which agree satisfactorily with the polarizability—quadrupole-moment long-
range interaction model. We also have measured the transition frequencies between these states to

an accuracy of 0.002 cm ™.

We use these measurements to derive the ionization potential of the

metastable triplet state to an accuracy of 0.020 cm ™' and the energy difference between the metasta-

ble and ground states of H, to an accuracy of 0.025 cm™ .

I. INTRODUCTION

Although the energy levels of molecular Rydberg
states are in many cases almost indistinguishable from
those of their counterparts in simple atoms, their dynami-
cal behavior can be completely different because of the
presence of uniquely molecular decay pathways. For
some time it has been realized that vibrational and rota-
tional autoionization (also called preionization) can be
important decay channels even for nonpenetrating Ryd-
berg states of high n and L, since the electrostatic cou-
pling of the molecular ion core to the distant Rydberg
electron can couple the rovibronic and electronic
motion.! For these nonpenetrating states both the energy
levels and the autoionization rates can easily be predicted
if the properties of the molecular ion core are known, as
is the case for the simplest diatomic molecules and partic-
ularly for H,. It is shown in Ref. 1 that the autoioniza-
tion rates arising from these long-range couplings are
typically much slower than those of the better-known ex-
ample of strongly penetrating ns or np states,”> but nev-
ertheless are far faster than radiative decay. Until now a
quantitative comparison of experiment and theory has
not been possible, since accurate measurements of decay
rates for high-L Rydberg states have been performed only
for NO, where a careful theoretical treatment is still lack-
ing.*> In this paper we report accurate measurements of
autoionization rates and energy levels for a variety of
triplet nf Rydberg states of H, as a function of principal
quantum number, rotational angular momentum, and to-
tal angular momentum excluding spin, and a detailed
comparison with theoretical predictions.

Only since the 1970s has a systematic understanding of
molecular Rydberg state structure and dynamics begun
to emerge, but numerous pieces of the puzzle were assem-
bled in a vast array of earlier studies. Experimental work
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on the Rydberg states of H, dates to the 1920s, when
Richardson, Foster, and Davidson® ™% measured the emis-
sion spectra of H, in a discharge and made many assign-
ments of the transitions which occur between the low-
lying states. Dieke®!” measured almost 100 000 emission
lines of H,, and assigned about half of them. From his
compendium of lines Dieke derived energy levels for the
non-Rydberg states which, when corrected for the then
unknown singlet-triplet splitting,!! are precise to better
than 0.1 cm™~!. These very complete tables of transition
energies were essential for planning the measurements re-
ported in this paper. Lichten and co-workers,'>!* and
Miller, Freund, and co-workers!"!%1 have reported mea-
surements of relatively low-lying states of H,, with n =2
or 3, which provide a detailed description of the fine and
hyperfine structure of these states. In 1969 Jungen and
Miescher!® studied the absorption spectrum of NO and
assigned numerous 4f and 5f levels. Their analysis in-
cluded a theoretical description of the interaction be-
tween the nonpenetrating Rydberg electron and the po-
larizability, dipole, and quadrupole moments of the NO ™"
core. Using the model of Ref. 16, Herzberg and Jungen!’
identified the 5g-4f transitions of H, and D,, as well as
some 4f-3d transitions. Eyler and Pipkin’s formulation
of the quadrupole-polarizability model®'®!® used in this
paper is similar, but is derived in Hund’s case d, where
the Hamiltonian is nearly diagonal. Sturrus, Hessels,
Lundeen, and co-workers?® extended the polarizability
and multipole moment long-range model of the molecular
core, and measured the n =10 manifold of H,, with
L =3-8, using both laser and microwave spectroscopy.
An important idea developed in Ref. 16 is the use of the
Rydberg electron as a precise “probe” of the positive ion
molecular core, allowing properties of the core such as its
quadrupole moment to be derived from analysis of the
Rydberg spectrum. In this paper we use the inverse pro-
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cess; we start with calculated H," molecular core con-
stants,2! 2 and derive from them the autoionization
rates and energy levels.

The model of a vibrationally and rotationally excited
core with time-varying multipole fields that cause ioniza-
tion of the Rydberg electron was used by Russek, Patter-
son, and Becker?* to estimate autoionization rates of H,
and HD, principally for the low-L states for which the
method unfortunately is not appropriate because of
strong core penetration.

Multichannel quantum-defect theory®>?¢ (MQDT) has
been used to calculate the autoionization rates and per-
turbed energy levels of Rydberg H,.”’” Although the
theory is general, the most detailed calculations and mea-
surements have been for the singlet np states. The core
penetration of the Rydberg electron for these states is
much larger than for the nf states which we have stud-
ied. The interaction between the np Rydberg electron
and the core is stronger, and the energy-level perturba-
tions and autoionization rates are larger than for nf Ryd-
berg electrons. For example, Dehmer and Chupka®?* ob-
served linewidths corresponding to autoionization rates
for np states on the order of 10'> s™!, which are about
1000 times larger than the typical rates we observe for
the nf states reported in this paper. For states which
have large core penetration, such as the np states men-
tioned above, it is necessary to use MQDT to calculate
linewidths; for states with weak core penetration, one can
use either MQDT or the long-range model which utilizes
the interaction between the Rydberg electron and the
quadrupole moment and polarizability of the H," core.
Jungen et al.?® have recently used MQDT to calculate
the positions and microwave intervals between 10g, 104,
and 10/ Rydberg states. These states are somewhat less
penetrating than the nf states we studied. Jungen et al.
compared their theoretical results with the calculations
of the same intervals by Lundeen and co-workers,”” who
used the apparently quite different long-range interaction
model. The two approaches agree very well, and also
agree with measurements of the intervals.’®?® One may
conclude that for high-L Rydberg states of H,, the results
of MQDT and the long-range interaction model are
equivalent.

The above paragraphs are by no means a complete list
of all the work that has been done on Rydberg states of
H,. Some reviews are given by Richardson,® Herzberg,*’
Dieke,'® Krauss,’® Sharp,’! (shows detailed potential
curves for H,), Herzberg,’? Bishop and Cheung,*® and
Freund.**

Eyler, Pipkin, and co-workers"!83*73% have made ex-
tensive measurements and calculations on Rydberg H,.
This paper describes an extension of this work. We have
measured the natural linewidths and absolute energy lev-
els of 35 triplet nf Rydberg states of H, with a range of
quantum numbers n =10-22, L =3, v =1, and R =0-4.
This paper reports the first measurements of autoioniza-
tion rates of nonpenetrating Rydberg states of H, and
thus the first quantitative test of the theory in Ref. 1. It
also reports measurements of the absolute energy levels of
the Rydberg states relative to the metastable ¢ (2p)°Il,
state that are five times more precise than previous work.
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TABLE 1. Rovibrational levels of H,* core, with respect to
the v =0, R =0 level, used in analysis of data. These values are
taken from the calculation of Bishop and Cheung (Ref. 22).
E(1,3) is an extrapolation based on the three other values, com-
pared with Hunter, Yau, and Pritchard’s values (Ref. 39).

Energy level
(cm™"

2191.1273(20)
2246.2939(20)
2356.1823(20)
2519.9298(30)

Using the long-range interaction model together with cal-
culations of the vibrational and rotational spacings of the
core?? we derive a measurement of the ionization poten-
tial of the metastable ¢ (2p)°’I1, state from which we do
our optical excitations. The recent measurement by
McCormack et al.®® of the ionization potential of H,
from the ground state, combined with our data, yields a
very precise value of the interval between the (singlet)
ground state of H, and the c¢(2p)’Il, metastable state.
Thus the energy levels of the triplet and singlet manifolds
of H, can be linked to each other with high precision.

Bishop and Cheung have done precise calculations of
H," polarizabilities as a function of internuclear separa-
tion.?! We use the results of Karl et al.?* for the quadru-
pole moments of H,*. We use Bishop and Cheung’s
values for the rovibrational spacings®* of the H," core,
which are accurate to 0.002 cm ! and take into account
radiative, relativistic, and nonadiabatic effects. The
specific values of the rovibrational spacings E (v,R) are
listed in Table I. Hunter, Yau, and Pritchard,*® and
Hunt, Poll, and Wolniewicz*° also have compiled tables
of these values.

This paper is divided into five major sections. Section
II summarizes the theory of the long-range interaction of
the H,* core and the Rydberg electron and describes the
structure of the states of interest. The apparatus and ex-
perimental procedure are described in detail in Sec. III.
Section IV describes the data analysis and compares the
results with theory. Section V is the conclusion.

II. NOTATION AND SUMMARY OF THEORY

This paper follows the notation used by Hougen.*!
The 2p and 3d states are labeled according to Hund’s
case-b notation, shown schematically in Fig. 1(a), where
A represents the projection of the electronic orbital angu-
lar momentum on the internuclear axes; N the total an-
gular momentum exclusive of spin; and S the total elec-
tron spin angular momentum. As the average distance
between the outer electron and the core increases, the or-
bital angular momentum L of the outer electron decou-
ples from the nuclear axis and A is no longer a good
quantum number. Case-d coupling, shown in Fig. 1(b), is
used to describe the nf Rydberg states. The core rota-
tion is called R; the alternative notation N is also wide-
ly used. In case d the total angular momentum excluding
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FIG. 1. The angular momentum coupling diagrams for the
states of interest. (a) The lower energy states (2p and 3d) are de-
scribed by Hund’s case b. (b) The Rydberg states are described
by a special case of Hund’s case d, in which the total spin S is
not a good quantum number. S;, the spin of the core electron,
first couples with the total nuclear spin to form F.. J;=N+F,,
and then the spin of the outer electron S, couples to J,; to form
J. (see Ref. 20.)

spin is N=R+L. The transition from case b to case d
depends both on n and L. For example, 2p states are
largely case b, 3d states are intermediate, and nf states
are largely case d for n as small as 4. A is not a particu-
larly good quantum number for 3d triplet states, and a 3d
state labeled, e.g., II may have large admixtures of =
and/or A character. For these states we use the level
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designations of Dieke, given in Crosswhite’s compila-
tion.’

In the simplest version of the long-range interaction
theory" %20 of the energy levels and autoionization rates,
the Rydberg states are described by Hund’s case-d wave
functions. Electronic and nuclear spin are ignored in this
model. The interaction Hamiltonian #' of the Rydberg
electron with the core ion is approximated by the first
nonzero*? term of a multipole expansion of the Coulomb
interaction, the quadrupole term, together with the
lowest-order polarizability,

H'=H qyaat H ol -

The wave functions of the case-d states and the matrix
elements of this perturbation are given explicitly in Ref.
18. The energy levels of the Rydberg states are given by
H atom energy levels, corrected by the above perturba-
tion, calculated to second order.!®36 Autoionization
rates are given by Fermi’s “golden rule,” which uses the
above perturbation to link a quasistationary Rydberg
state and a continuum state.""?* It can be shown that for
isolated states the autoionization rate scales as n 3. This
has been experimentally verified for singlet np Rydberg
states of H,.>3 We have used computer programs to per-
form the necessary numerical integrations and calculate
the energy levels and autoionization rates of specific Ryd-
berg levels.

The levels of H, we measure are split by the spin in-
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FIG. 2. Excitation scheme, showing spin splitting of levels which leads to resolved structure of the lines observed. The para-H,
transition is nf, v=1,R =0,N =3«intermediate—(2p)’Il,, v =1,N=2,J=3, and the ortho-H, transition is nf,
v =1,R =1,N =2« intermediate«(2p)°Il,,v =1,N =1,J =2. Schemes for other transitions are similar. For para-H,, there is much
less structure, since I =0, thus F, =3 only. Vertical lines indicate resolved transitions. This diagram is not to scale vertically.
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teractions. Transitions to different spin levels differ in
frequency by up to 2000 MHz, significantly larger than
the resolution of our measurements. The spin structure
of the 2p metastable states and the 3d states has been
studied extensively.!>!* The 2p spin states are identified
by the usual J and F (J =F in para-H,). For Rydberg
spin states, we use the notation of Lundeen and co-
workers,?’ which they developed in their experimental
and theoretical work on the spin structure of the Ryd-
berg states. The splitting of Rydberg states into levels is
due in part to the “magnetic dipole hyperfine” interac-
tion in which the core electron spin S, couples to the nu-
clear spin I to form F_. [See Fig. 1(b) and Ref. 20.]

In para-H, the metastable 2p state is split by interac-
tions with electronic spin into levels of various J. For
transitions between para states, we measure transitions
from the level of maximum J of the 2p state, to the single
possible value of F, of the Rydberg state. Since there are
two intermediate levels very close in energy excited
simultaneously by the first laser (due to the Doppler
width of the molecular beam), a given final Rydberg state
sublevel is excited by two different frequency settings of
the second laser. The transition frequencies reported
here are for frequencies of transitions into and out of the
intermediate level of maximum J.

In ortho-H, the metastable 2p state is split by interac-
tions with electronic and nuclear spin into levels of
various J and F. For ortho states, transitions occur
from a given J level, with its three F sublevels
(F=J—1,J,J +1), to the two possible values of F, of the
Rydberg state. Our reported transition frequencies are
for transitions from the 2p level of maximum J and max-
imum F, through the intermediate level of maximum J, to
the Rydberg level of maximum F,. The structure of the
intermediate ortho state is not well known, but apparent-
ly only one sublevel participates as the intermediate state.
Figure 2 shows a sketch of the relevant spin structure for
the initial, intermediate, and final states of typical para-
and ortho-H, transitions. Only the levels used in the
measurements reported here are shown.

III. EXPERIMENTAL METHOD

The excitation scheme and potential curves of the H,
states of interest are shown in Fig. 3. The Rydberg
states, if they had minimum core energy (v =0 and R =0
for para-H,, R =1 for ortho-H,), would have energies
slightly less than the ionization energy. Our excitation
scheme produces Rydberg states with one or more vibra-
tional and/or rotational quanta in the core, which gives
the total system an energy above the ionization energy,
allowing autoionization.

The apparatus is a modification of that used in earlier
laser-molecular-beam experiments which studied triplet
states of H,.!3193%36 We start with high-purity H, gas
(grade 5 from Airco Company) at room temperature, fed
through a needle valve to the electron bombarder. This
bombarder is designed to produce the maximum number
of metastable H, molecules in the thermal effusive beam.
The present bombarder!® is very similar to one first used
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FIG. 3. Energy-level diagram for H, showing excitation
scheme. The nf. .. state decays to H,* +e~. The ellipses indi-
cate all the other quantum numbers necessary to fully identify
the state.

by Lichten.!?> Figure 4 shows a schematic of the electron
bombarder, which is located in an oil diffusion-pumped
vacuum chamber. H, gas travels through a narrow
(0.01-cm) slit in a solid Cu rod into the vacuum
chamber.”* The slit is parallel to a strong magnetic field
(0.4 T) produced by permanent magnets. A glowing
tungsten filament, aligned with the slit, is set at —18 V
relative to the Cu rod and slit. The magnetic field colli-
mates the emitted electrons into a sheet which passes into
the slit and bombards the ground-state H,. Thus the
singlet ground-state molecules are excited into many
states, including the c¢(2p)’Il, v =1 metastable levels
used as the lower levels for our optical excitations. Excit-
ed molecules in the triplet metastable state reach the
laser-beam interaction region, where they are excited to
triplet Rydberg states. Other excited states are not reso-
nant with the lasers. We estimate that the electron bom-
barder excites about 1 in 10° of the molecules to a given
sublevel of the metastable state. With H, gas flowing to
the apparatus, the pressure in the chamber containing the
electron bombarder is about 5X 107> Torr. The heater
current of the tungsten filament is regulated so that the
emission current of the filament remains constant, and
hence the flux of metastable H, in the molecular beam
remains constant.

The beam of metastable H, travels 20 cm to a 5-mm-
wide slit, giving a collimation ratio of 40. Just beyond
the collimating slit is the laser interaction region,
pumped by another oil diffusion pump to about 2 X 10¢
Torr with the gas on. Using the geometric size of the
molecule as an upper limit of the cross section, the mean
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FIG. 4. Electron bombarder, which produces a beam of
metastable H, molecules in the c (2p)’I1, state.

free path at this pressure is ~5 mm even for our largest
(n =22) Rydberg molecules. The entire laser excitation
and autoionization takes place in less than 50 ns, much
less than the mean time between collisions of ~ 10 us, so
the H, molecules do not collide while being measured.
We repeatedly sprayed the entire inside of the vacuum
chamber with an alcohol suspension of powdered graph-
ite (Aerodag G from Acheson Colloids Company) to give
a conductive coating that helped to minimize stray static
electric fields. Without the graphite coating, static fields
built up within 5 s to at least 10 V/cm within 1 cm of

/Ioser beams
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FIG. 5. Schematic of H," detector. The lower part of this
figure is a scale cross-sectional view of the channeltron holder
and electrostatic lens. It has axial symmetry about the H,"-ion
path. The upper part of the figure is a perspective drawing of
the laser-molecular-beam interaction region, with the top
grounded shielding plate removed. The laser beams and plates
are perpendicular to the plane of the paper.
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some surfaces. Two plates (3X7 cm), each with a hole
covered by a mesh in the center, were 5 mm above and
below the laser-molecular-beam interaction region, as
shown in Fig. 5. These plates (also coated with graphite)
were attached to insulating mounts and electrically con-
nected to the outside of the chamber. For data taking we
shorted and grounded the plates, and applied fields only
to test how the lines were affected. The magnetic field in
the laser-molecular-beam interaction region was solely
due to the earth’s field; effects of the permanent magnets
20 cm away were negligible. This 0.5-G field had no
significant effect on the states measured.

The laser beams came from two Coherent single-mode
cw dye lasers: models 599 and 699. The model 599, a
standing-wave laser, used rhodamine 6G (the ‘“‘orange”
laser); and the model 699, a ring laser, used styryl 9M dye
(the “ir” laser), covering a range from about 800 to 850
nm. Both were locked to the peak of a cavity mode using
a piezo-mounted thick étalon in the cavity, as supplied by
Coherent. We estimate the linewidth of each of these
lasers to be 20 MHz. The beams were carefully aligned
to be collinear, counterpropagating, and at exact right
angles to the molecular beam. They were focused at the
interaction region with 20-cm focal length cylindrical
lenses. A diagram of the optical setup is in Fig. 6.

The orange laser, when set to the peak of the inter-
mediate transition, was locked to a thermally stabilized
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wave meter bombarder wave meter
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FIG. 6. Apparatus for two-laser spectroscopy of H,. The
(a)’s are the three channels of data recorded while the orange
laser is set to an intermediate transition and the ir laser is
scanned over a Rydberg transition. The fourth data channel is
the count rate of the channeltron H," ion detector, which mon-
itors excitation to the autoionizing Rydberg states. The H,"
detector is placed under the point where the laser beams and
molecular beam cross. A uv-sensitive PMT is placed over the
same point to monitor excitation to the intermediate state. The
reference étalon gives frequency markers spaced at 297.75 MHz.
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external reference etalon (Burleigh model CFT-25P ir).
We checked regularly to see if this laser was still on the
peak of the intermediate transition, and reset it as need-
ed. Once the orange laser system had warmed up, it did
not need to be reset for many hours.

A galvo-mounted intracavity plate in the ir laser, con-
trolled by a circuit designed to produce scanning at a
constant rate, was tilted slightly to tune the frequency of
the laser across the molecular transitions. We scanned
the ir laser through the transition at 7, 15, or 30 MHz/s
and sampled the data at 3, 5, or 10 samples/s, respective-
ly. While scanning, we sent a portion of the ir beam
through a sealed étalon with a Cervit spacer of length
50.32934+0.00013 cm and a finess of about 3. The
fringe spacing of 297.749 MHz calibrated the width mea-
surements. If the ir laser jumped a cavity mode, the reg-
ular pattern of fringes was clearly disrupted, and the scan
was discarded.

The absolute frequencies of the lasers were measured in
two ways: with iodine cells or with a wave meter. For
the orange laser, we used a room-temperature I, cell con-
sisting of I, crystals in a glass vacuum cell. The single-
mode laser light traveled down the length of the cell and
a photodiode received the fluorescence emitted at right
angles. We compared the resulting plethora of lines to
the I, atlas compiled by Gerstenkorn and Luc* and
matched the lines unambiguously. As the laser scanned,
the output of the photodiode looked similar to the spec-
tra in the atlas taken with a very different Fourier spec-
trometer. For the ir laser, we used a hot I, cell consisting
of an evacuated fused silica tube held at 900 °C with I, va-
por inside. The ir beam traversed the I, cell directly onto
a simple photodiode. Again, the photodiode output
looked similar to the lines in the I, atlas by Gerstenkorn,
Verges, and Chevillard.*®

A homemade Michelson traveling-arm interferometer
(A meter, or wave meter)*>*’ was used for precise abso-
lute frequency measurements. We measured both the
orange laser and the ir laser separately while they were
each set to the peaks of their respective transitions. The
reference laser for the wave meter was a Zeeman-
stabilized He-Ne laser.*® We calibrated the He-Ne laser
tube by beating it with the output of a National Institute
of Standards and Technology I,-stabilized He-Ne laser
and by observing the beat note with a fast photodiode
and a spectrum analyzer. The He-Ne laser’s frequency
was measured to be 473612260+-10 MHz, which is
15798.0045(3) cm ™~ !. Using the wave meter we measured
the frequency of each transition at least 50 times and
made (small) corrections for variations in room tempera-
ture and pressure. We also measured the absolute fre-
quencies of some H, transitions by interpolating between
I, lines from the atlases.***> Within the quoted uncer-
tainties of the I, atlases, these two methods agreed.

The orange laser excited the 2p metastable molecules
to the 3d levels, which decay to the b (2p)*E ] dissociative
state by emitting a uv photon with energy in the range
6-8 eV. To detect these photons and monitor the excita-
tion to the intermediate state, we placed a broadband
vacuum uv photomultiplier tube (PMT) (EMI
G24H314LF) about 2 cm away from the Ilaser-
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molecular-beam interaction region, and 1 cm above the
wire mesh of one of the graphite-coated plates. This
PMT was only very slightly sensitive to visible light and
as long as the lasers were aligned properly so that they il-
luminated only the molecular beam, stray laser photons
contributed nothing to the background. Using only the
orange laser, we did high-resolution spectroscopy of the
3d«2p transitions. A typical scan over about 1 cm™! is
shown in Fig. 7. To obtain a double-resonance spectrum
of the Rydberg states, we set the orange laser to the peak
of a selected 3d<«2p transition (on the J , «J ., com-
ponent) and scanned the ir laser. For these intermediate
transitions, there were about 4000 counts/s of back-
ground, presumably due to stray uv light emitted by
metastable H, molecules. The intermediate transition
provided about 2500 counts/s of signal at its peak.

The ir laser excited the molecules in the (3d)’Z or
(3d)’I states up to the Rydberg states. The H," ion
fragment from autoionization of the Rydberg state was
detected. This detector was first configured to observe
electrons,®® but we found that the positive-ion back-
ground was an order of magnitude smaller, while the H,™
signal from a transition was only slightly smaller than the
electron signal. Many of the weaker lines presented in
this paper would have been too weak to distinguish from
the noise background if electron detection had been used.
The H,* autoionization fragments passed through the
grid of the other plate into a simple electrostatic lens and
finally to a channeltron detector (Galileo 4730). The H,™"
detector is shown in Fig. 5. The background count rate
was about 1000 counts/s. For the strongest transitions
measured and for relatively high ir laser power of 200
mW, our largest signals were 20 000 counts/s. Most lines
were weaker; the weakest had a signal size of about 200
counts/s, which was still clearly visible above the back-
ground. Typical scans of transitions to Rydberg states
are shown in Figs. 8(a)-8(c).

Line identifications were easily made by correspon-

N WAoo N

uv Photons (103 counts /s)
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Detuning from Line Center (cm™)

FIG. 7. The line profile acquired while scanning the orange
laser over the (3d)’Z,v =1,N =1<(2p)’Il,,» =1,N =1 transi-
tion. The peak is the J'=2«-J""=2 branch. The small side
peaks within 0.08 cm ™! of the main peak are due to J splitting
of the intermediate state. Other intermediate transitions look
similar.
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dence with predicted energies. The spectra taken with
the orange laser alone, or with both lasers, were quite
sparse. Lines were separated on average by 10000 times
their width, and in the case of the closest sets of lines, by

no less than 0.3 cm ™ .
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FIG. 8. Typical line profiles acquired while scanning the ir
laser over transitions from the intermediate states to the Ryd-
berg states. The smooth line is the sum-of-Lorentzians fit, as de-
scribed in Sec. IVA of the text. (a) is the transition
20fv=1R =2N =4«(3d)’ITv=1N=3J =4. (b)is the tran-
sition 14f v =1R =1N=2(3d)’2v=1N=1J =2, and has
relatively large signal-to-noise ratio (S/N). (c) is the transition
11fv=1R=3N=0—(3d)*Sv=1N=1J=2, and has rela-
tively small S/N. The Rydberg transitions measured all had a
two, three, or four Lorentzian form as above, and all had a S/N
in the range shown above. The S/N is not correlated with
number-of-Lorentzians line shape. For (a) and (b) the frequency
of the laser increases from left to right; for (c) the frequency in-
creases from right to left.
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While the orange laser was fixed to the intermediate
transition and the ir laser scanned, we recorded with a
computer four data channels: the output of the channel-
tron, the fringes of the 50-cm Cervit étalon, the ir I, lines
from the hot I, cell, and the laser power level of the ir
laser. As the ir laser was scanned over the width of an H,
line (at most 1000 MHz or 0.03 cm ™ !) the power changed
by as much as 3%. Since the signal was proportional to
ir laser power, this distorted the line shapes slightly. We
normalized the data using the ir laser power to correct
for this distortion. Throughout the experiment we used
normal H, which consists of 75% ortho-H, and 25%
para-H,. By using an enriched source of para-H,, one
could increase the signal-to-noise ratio of the para-H,
lines. However, these particular v =1 lines were strong
enough that this was not necessary.

IV. DATA ANALYSIS AND RESULTS

A. Widths

Each scan over a transition to a Rydberg state was typ-
ically represented by a set of about 1000 samples. We fit
these scans to a function that is the sum of the appropri-
ate number of Lorentzians plus a polynomial back-
ground, using the Levenberg-Marquardt method.* The
fit function was
()ma +arvt it 2 hi(T; /2)?
yav)=a,+ta,v+a,v ,

fie P A (v— v (T, /2)?

n=230r4 (1)

where a, is the constant background, a, and a; are the
coefficients of the linear and parabolic background, and
h;, voi, and T'; are the height, center, and full width at
half-maximum of the ith Lorentzian. Each parameter
varied freely in the fit, although excluding the a;v? term
has no statistically significant effect on the width parame-
ters. Figures 8(a)-8(c) show paradigms of two, four, and
three Lorentzian line shapes, with the fits shown super-
posed on the experimental spectra.

The line shapes are pure Lorentzians rather than Fano
interference profiles, since the dipole matrix element for
nf<3d excitation is much larger than that for direct ex-
citation to the continuum.! The structure of the lines
arises from the fine and hyperfine structure resulting
from the interaction of the magnetic moment of the elec-
trons and nuclei with the rotational magnetic moment,
the orbital magnetic field, and with each other. One ex-
pects the autoionization rates will depend primarily on n,
L, v, R, and N, and not on the spin level. After adding all
the spins to an |n,L,v,R,N) Rydberg state, twelve
different spin levels of ortho-H, and four different spin
levels of para-H, are obtained. Some of the splittings are
large (=1000 MHz), which makes them easy to resolve.
In this case the method of fitting to multiple Lorentzians
extracts the true width. However, some of the splittings
are in the range 0—20 MHz, which is at or below our sys-
tem resolution. Most of the splitting that is in this range
is due to the H,™ core and does not depend on n. This



41 AUTOIONIZATION RATES AND ENERGY LEVELS OF . ..

gives a lower limit on the measured linewidth as n in-
creases, since the width due to autoionization goes as
n 3. These unresolved splittings could distort the data
by making a line look wider than what would occur in
the ideal case of no spin splitting. The unresolved transi-
tions are to the Rydberg sublevels of various J [which al-
ready includes I, as defined in Fig. 1(b)]. By analogy with
the relative line strengths of transitions from different
spin sublevels of the 2p state, we expect that the transi-
tion to the sublevel of maximum J will be at least three
times more intense than transitions to any other J sublev-
els. Thus, for the unresolved sublevels of a resolved line,
one sublevel will dominate the others. The width of the
superposition of unresolved sublevels will be nearly the
same as the width of the dominant transition to the single
J sublevel having J =J_,,. If there were any significant
deviations from the situation described above, the
resolved components would have noticeably non-
Lorentzian shapes; in particular, the wings of the mea-
sured line shape would be too broad and probably asym-
metric. All our lines did, in fact, have a nearly undistort-
ed Lorentzian shape, with the fit giving a reduced y? of
2-3, if one assumes that the only source of noise is shot
noise. When fitting a line shape we allowed the widths of
each resolved component to vary independently during
the fit. The near equality of the obtained widths (within
about 15%) confirmed our expectation that unresolved
spin splitting does not introduce spurious broadening,
since one would expect this broadening to be different for
each resolved component. In the case of the three and
four component ortho-H, lines, the smallest outlying
component was consistently 20% wider than the other
two or three components. Apparently this broadening
was caused by the unresolved hyperfine structure as de-
scribed above. This component was not used in deter-
mining the reported rates. Since para-H, has less un-
resolved structure, our results for it are less susceptible to
possible systematic broadening.

We obtained a minimum of at least three good scans
and fits for each line reported, and most lines were exam-
ined at least ten times over several days to make sure the
widths were consistent. The measured width of a line
varied up to 20% from scan to scan. Slight momentary
irregularities in the scanning rate of the ir laser and ran-
dom differences in the noise background could cause the
line to have slightly wider or narrower shoulders. The
width for each component of a line is simply the average
of the individual values we measured. The raw result for
an ortho-H, line is an average of the widths of the two
most narrow and bright components, since they are ap-
parently less broadened by spin splittings. The raw result
for a para-H, line is the width of the bright component.
The measured line shape is actually a Voigt profile (or a
sum of Voigt profiles each of which has similar width pa-
rameters). When the width of the Lorentzian component
of a Voigt profile is much greater than the width of the
Gaussian component, fitting the Voigt profile to a pure
Lorentzian profile and then subtracting in quadrature the
width of the Gaussian component gives the true
Lorentzian width. We measured the residual Doppler
width of our two laser-molecular-beam system to be
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60+10 MHz at 810 nm. Accordingly, we subtracted in
quadrature 60 MHz from all raw widths greater than 120
MHz, to obtain the final result. When the widths of the
Gaussian and Lorentzian components of a Voigt profile
are about the same, no simple rule applies for deconvolv-
ing the original Lorentzian width. We generated on a
computer Voigt profiles with a range of original Lorentzi-
an widths and a fixed Gaussian width of 60 MHz. We
then fit pure Lorentzians to these simulations, and ob-
tained a table of fitted Lorentzian widths versus original
Lorentzian widths. The fitted Lorentzian widths less
than 120 MHz were transformed into the true Lorentzian
widths using this table. The uncertainties of the widths
are determined by the standard deviation of all widths for
all the scans taken of a line, added in quadrature to the
10 MHz uncertainty of the system Doppler width. Our
minimum measurable width was approximately 30 MHz,
and since the rate is 277 X (width), our method can detect
autoionization that occurs at a rate less than 108 s™!, but
we cannot accurately measure the rate for such slow de-
cays. We only know that it is less than or equal to 108
s ! if we see a ~30-MHz-wide line.

The intensity of the ir laser at the interaction region
was approximately 10 W/cm?. The dependence of the
widths on ir laser power was examined using two
different methods: (i) we reduced the ir laser power by a
factor x (x =2-10), and the signal size of the transition
consistently decreased by the same factor of x, within an
uncertainty given by the square root of the signal size
(count rate); this indicated the transitions were unsaturat-
ed, and (ii) we directly measured the widths of the lines at
reduced ir power by taking scans and fitting them. With
the ir laser power at 40 mW instead of the usual 80-200
mW, there was no change in the width of the lines within
the ~20 MHz uncertainty. In contrast, the
intermediate-state transitions excited from the metastable
state by the orange laser were completely saturated. A
reduction of the power of this laser by a factor of 2 also
did not change the width of the ir transitions to the Ryd-
berg states.

Static electric fields were applied to the laser-
molecular-beam interaction region to test whether stray
fields might spuriously broaden the lines. We applied
fields which ranged in value from 1 mV/cm to 1000
V/cm. At high fields, within the range from 100 to 1000
V/cm, the lines were broadened, distorted, and shifted by
as much as 2 cm™!. Above 500 V/cm, the weak lines
disappeared and the strongest lines were barely detect-
able. At lower fields, broadening and shifting were not
observed below an n-dependent electric field threshold.
This threshold field was about 10 V/cm for n =10 and
about 1 V/cm for n =22. We estimate that the stray
electric field in our graphite-coated interaction region
was less than 10 mV/cm for all data taking; thus the lines
were not broadened or shifted by stray electric fields.

Table Il summarizes the measured widths and the au-
toionization rates for the nf, v =1 triplet Rydberg states
studied in this experiment, and shows the theoretically
predicted widths, along with the ratios and differences of
measured widths and theoretical widths. Theory and ex-
periment agree satisfactorily within the limits of experi-
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mental uncertainty. For fixed values of L, v, R, and N,
the general dependence of decay rate on n ~° is clear.
Figures 9 and 10 show decay widths scaled by multiply-
ing by n3 on the vertical axis, versus n on the horizontal
axis. Figure 9 show the para series n =11-20, L =3,
R =0, and N=3. Figure 10 shows the ortho series
n=11-21, L =3, R =1, and N =2. The nearly flat line
in these two figures passes through the scaled theoretical
width predictions for these states. Since the theory pre-
dicts that the autoionization rates should go as n ~3, the
scaled theory and measurements should be independent
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of n. Additionally, certain pairs of transitions isolate the
dependence on R and N. For example, the pair of states
11f, R=2, N=2 and 11f, R =1, N =2 differ in width,
and therefore in autoionization rate, by a factor of
2.36(33), in agreement with the theoretical value 2.06,
due solely to their difference in R. For the trio of states
11f, R=3, N=0,1,2, the ratio of the experimental
widths is 2.91(59) to 2.05(31) to 1, which agrees with the
theoretical ratio 2.60 to 1.81 to 1. The theory accurately
predicts the n, R, and N dependence of v =1 H, autoioni-
zation rates, within experimental uncertainty.

TABLE II. A list of nf Rydberg levels observed, showing the measured natural width of the transition from 3d intermediate
states, width expected from the theoretically predicted autoionization rates, the autoionization rate derived from the measured width,
the ratio of measured width to predicted width, and the difference between experimental width and theoretical width in units of the
measured standard deviation. All levels are v =1. An even R indicates para-H, and an odd R indicates ortho-H,.

Measured Predicted Measured
width width rate Ratio: (Experiment)-(Theory)
Rydberg state (MHz) (MHz) (10" s7h ﬂf—:ﬁ—::—l;m—t (units of experimental o)
11fR=0N=3% 221(11) 236 139(7) 0.9 —14
12fR=0N=3 197(10) 183 124(6) 1.1 +1.4
13fR=0N=3 160(16) 145 101(10) 1.1 +0.9
14fR=0N=3 110(14) 116 69(9) 0.9 —-0.4
15fR=0N=3* 131(10) 95 82(6) 14 +3.6
16fR=0N=3 99(13) 78 62(8) 1.3 +1.6
17fR=0N=3 80(11) 65 50(7) 1.2 +1.4
18f R=0N=3 65(13) 55 41(8) 1.2 +0.8
19fR=0N=3 56(16) 47 35(10) 1.2 +0.6
20f R=0N =3 38(20) 40 24(13) 1.0 —0.1
11fR=2N=2 126(16) 146 79(10) 0.9 —-13
11fR=2N=3" 200(25) 232 126(16) 0.9 —-13
11fR=1N=2 297(16) 301 187(10) 1.0 -03
12fR=1N=2 229(10) 234 144(6) 1.0 —-0.5
13fR=1N=2° 1500(500) 185 942(314) 8.1 +2.6
14fR=1N=2 159(14) 149 100(9) 1.1 +0.7
15fR=1N=2° 81(19) 121 51(12) 0.7 —-2.1
16fR=1N=2 113(16) 100 71(10) 1.1 +0.8
17fR=1N=2 141(13) 84 89(8) 1.7 +4.4
18f R=1N=2 85(21) 71 53(13) 1.2 +0.7
21fR=1N=2 66(16) 45 41(10) 1.5 +13
10fR=3N=0 835(181) 641 525(114) 1.3 +1.1
10fR=3N=1 463(50) 447 291(31) 1.0 +0.3
10fR=3N=2 301(17) 248 189(11) 12 +3.1
11fR=3N=0* 535(80) 489 336(50) 1.1 +0.6
11fR=3N=1* 378(24) 341 238(15) 1.1 +15
11fR=3N=2 184(25) 188 116(16) 1.0 —0.2
12fR=3N=1 282(61) 266 177(38) 1.1 +0.3
12fR=3N=2° 201(18) 147 126(11) 14 +3.0
13fR=3N=1 250(77) 210 157(48) 1.2 +0.5
22fR=1N=3 62(26) 18 39(16) 34 +1.7
15SfR=2N=3 105(12) 94 66(8) 1.1 +0.9
15SfR=2N=4 87(17) 66 55(11) 1.3 +1.2
20fR=2N =4 44(21) 28 28(13) 1.6 +0.8
15fR=4N=3 100(18) 64 63(11) 1.6 +2.0

2Anomalous levels, which have an unusually large width, or an unusually large second-order correction to the energy |E 2.4 o l, OF
both, indicating the presence of nearby perturbing levels which the theory does not take into account. See Table V for a listing of the

second-order energy-level correction E )4 o for all levels.
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TABLE III. A complete list of the measured energy intervals between some metastable 2p levels and
some 3d intermediate levels. We measured transitions to nf Rydberg states from the first four of these

3d levels. All levels are v =1.

Transition

Interval
(ecm™)

(3d)’E N =27 =3«(2p)*I,N =2J =3 (para)

(3dPEN =1J =2(2p)lI,N =1J =2 (ortho)
(3d)*II N =2J =3«(2p)*ll,N =1J =2 (ortho)
(3d)’TIN =3J =4«(2p)*1lI,N =2J =3 (para)

(3d)*A N =3J =4(2p)°I, N =3J =4 (ortho)
(3d)’TI N =4J =5«(2p)*,N =3J =4 (ortho)
(3d)’TIN =1J =2«(2p)*lI,N =1J =2 (ortho)
(3d)’MMN =6J =7«(2p)*Il,N =5J =6 (ortho)
(3d)*X N =3J =4(2p)°l1, N =3J =4 (ortho)

16 515.5066(20)
16 603.2649(20)
16 978.5642(20)
16 988.8851(20)
17 357.7078(40)
16 990.7219(20)
16 988.6540(20)
16 976.9749(30)
16413.4156(50)

The Rydberg states of H, might also decay via chan-
nels other than autoionization. Other decay modes
would broaden the lines if the rates were on the order of
or larger than the autoionization rate of approximately
10° s~1. No evidence has been reported for predissocia-
tion in the triplet nf, v =1 states we have measured. Ber-
ry and Nielsen®® have calculated that predissociation will
occur at a rate orders of magnitude slower than autoioni-
zation for the high n, v =1 Rydberg states we study. The
radiative decay rate is expected to be roughly the same as
that of a Rydberg H atom, and is about three orders of
magnitude smaller than the autoionization rates of Ryd-
berg H, when L =3. The good agreement between the
measured rates and the results of the autoionization cal-
culation strongly indicates that autoionization is the only
significant decay process occurring in the nf, v =1 Ryd-
berg states we have studied.

B. Line positions

As described in Sec. III, we tuned the lasers to the
peaks of their transitions and used the wave meter to
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make 50 or more measurements of the wavelength. This
homemade wave meter*® *® interpolated the fringes
recorded at the beginning and end of the retromirror
travel, and proved much more precise than commercially
available ones. A typical histogram of the wave meter
data is shown in Fig. 11. The standard deviation of the
wave meter data, about 0.0005 cm ™ ', was very small, and
since it took only 5 s to obtain each datum, the statistical
uncertainty could have been made even smaller by in-
creasing the number of readings. Unfortunately, sys-
tematic uncertainties increase this uncertainty by a factor
of 4. The data in the histogram in Fig. 11 were taken
within about 5 min. Data taken on different days
measuring the same H, line shifted by apparently random
amounts ranging from —0.002 to +0.002 cm~'. Since
we corrected for changes in room temperature and pres-
sure, it appears that shifts in the optical alignment of the
wave meter caused this uncertainty, which is the dom-
inant contribution to the uncertainty of our transition
frequency measurements. A much smaller systematic un-
certainty was the frequency of the He-Ne reference laser,
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FIG. 9. Graph of width due to autoionization scaled by mul-
tiplying by n° vs n. This shows the scaled widths (and scaled ex-
perimental uncertainties) of the Rydberg levels n =11-20,
L=3,v=1,R=0,and N =3.

FIG. 10. Graph of width due to autoionization scaled by
multiplying by n3 vs n. This shows the scaled widths (and
scaled experimental uncertainties) of the Rydberg levels
n=11-21,L =3,v=1,R =1,and N =2.
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known to +0.0003 cm~!. All other known systematic  frequencies of the tops of the peaks of the lines and did
uncertainties are insignificant. not apply any corrections for asymmetry arising from un-

The discussion of spin splitting of the lines in Sec. IVA  resolved structure. Seventy percent or more of the inten-
applies here as well. We always measured the transition sity (for the Rydberg states) is expected to be in the tran-

TABLE IV. A complete list of nf Rydberg levels showing the measured and theoretical intervals be-
tween nf Rydberg and intermediate 3d levels, and the difference 2(n) between the measured and
theoretical intervals. All levels are v =1. An even R indicates para-H, and an odd R indicates ortho-

HZ.
Measured interval Theoretical interval D(n)=(experiment)
from 3d level from 3d level —(theory)
Rydberg level (em™" (cm™") (cm™))
(2p)*M,N =2—(3d)’EN=2—
11fR=0N=3" 11 790.2600(20) 11790.2607 —0.0007
12fR=0N=3 11935.0011(20) 11935.0040 —0.0029
13fR=0N=3 12 047.9583(20) 12047.9687 —0.0104
14fR=0N=3 12 137.5346(20) 12 137.5446 —0.0100
15fFR=0N=3° 12209.5122(20) 12209.4894 +0.0228
16f R =0N=3 12268.8488(20) 12 268.8503 —0.0015
17fR=0N=3 12 317.8642(20) 12317.8707 —0.0065
18f R=0N=3 12 358.8646(20) 12 358.8729 —0.0083
19fR=0N=3 12 393.6333(20) 12 393.6372 —0.0039
20fR=0N=3 12423.2647(20) 12 423.2662 —0.0015
11fR=2N=2 11 954.7202(20) 11954.6663 +0.0539
11fR=2N=3° 11956.1569(20) 11956.1931 —0.0362
(2p)’M,N=1-(3d)’EN=1—
11fR=1N=2 11 871.2189(20) 11871.2173 +0.0016
12fR=1N=2 12016.5416(20) 12016.5367 +0.0049
13fR=1N=2% 12 129.5448(20) 12129.5773 —0.0325
14fR=1N=2 12219.3136(20) 12219.3016 +0.0120
15fR=1N=2° 12291.8741(20) 12291.9780 —0.1039
16fR=1N=2 12 350.8649(20) 12 350.8496 +0.0153
17fR=1N=2 12 399.8915(20) 12 399.8750 +0.0165
18f R=1N=2 12 441.0286(20) 12 441.0108 +0.0178
21fR=1N=2 12 531.0540(20) 12531.0328 +0.0212
10f R =3N=0° 11952.1749(30) 11952.4001 —0.2252
10fR=3N=1° 11 953.1048(20) 11953.1363 —0.0315
10f R =3N=2° 11 954.5033(20) 11954.4363 +0.0670
11fR =3N=0% 12 143.8686(20) 12 143.9962 —0.1276
11fR=3N=1>° 12 144.4831(20) 12 144.5086 —0.0255
11fR=3N=2° 12 145.4910(20) 12 145.4442 +0.0468
12fR=3N=1° 12289.8841(20) 12289.8514 +0.0327
12f R=3N=2>° 12 290.4469(20) 12290.2725 +0.1744
13fR=3N=1°¢ 12 403.0140(20) 12 403.0285 —0.0145
(2p’NI,N=1—(3d)’lIN=2—
22fR=1N=3 12 178.2742(20) 12 178.2388 +0.0354
(2p’’I,N =2—(3d)’lIN=3—
15fR=2N=3 11901.7673(20) 11901.7922 —0.0249
15fR=2N=4 11901.9165(20) 11901.9047 +0.0118
20fR=2N=4 12 115.1003(30) 12 115.0961 +0.0042

»®Anomalous levels, which have (a) an unusually large width or (b) an unusually. large second-order
correction to the energy |E 2.4 , |, indicating the presence of nearby perturbing levels which the theory
does not take into account. See Table V for a listing of the second-order energy-level correction
E Q)4 pol for these levels.

“These theoretical intervals are based on an extrapolation to R =3 of Bishop and Cheung’s (Ref. 22) re-
sults for E (v,R).
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FIG. 11. A typical histogram of one set of wave meter mea-
surements of a transition from an intermediate to Rydberg state.
This particular measurement was of the 15f,v=1,
R =2,N =3«(3d)’Il,v =1,N =3 transition.

sition to J_,,. Since the splitting for different values of J
is approximately 20 MHz or less, significantly less than
our experimental uncertainty for the transition frequen-
cies, any possible shifts in the line center caused by the
spin structure of transitions would be less than the exper-
imental uncertainty of 60 MHz.

For some wide weak lines, it was difficult to set the ir
laser to the exact top of the peak to a precision of 0.002
cm ™! (60 MHz). Consequently, the transition frequencies
of these lines are less precise, depending on how weak
and wide they were.

Table IIT shows the intervals measured for transitions
from the 2p metastable states to the 3d intermediate
states. Table IV presents the intervals measured for tran-
sitions from the 3d states to the nf Rydberg states.

C. Ionization potentials

Column 3 of Table IV shows the theoretical values for
the AE (nf<-3d) intervals, which are calculated accord-
ing to the formula (see Fig. 12)

AE(nf<«-3d)=V,q,(Hy) =R /n>+E g4 por + E(W,R)
—AE(2p<X)—AE(3d<2p). (2

In Eq. (2) X refers to the singlet ground state (N =0 for
para, N =1 for ortho) of H,, 2p refers to the metastable
state, 3d refers to the intermediate state, and nf refers to
the Rydberg state. Each of the labels X, 2p, 3d, and nf is
shorthand for the full complement of appropriate quan-
tum numbers necessary to identify the level. ¥V, (H,) is
the ionization potential of the hydrogen molecule in its
ground state. R(H,)=109707.4496 cm ! is the reduced
mass Rydberg constant for a nuclear (core, in this case)
mass of two protons and one electron. E juaq,por is the
sum E(qll)ad,pol +E£]%1)ad,pol7 Where Efqh)ad,pol = <-7-[qu::ld >
+<7{p01) is the first-order result of the polarizability-
quadrupole moment long-range interaction model of Ref.
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18, and E g',’ad,pol is the second-order result.*® E (v,R) are
the vibrational and rotational energy levels of the H,*
core, taken from the calculations of Bishop and
Cheung,?? as shown in Table I. They estimate their un-
certainty to be 0.002 cm~!. The right-hand side of this
equation contains several experimental inputs, which are
the two AE’s and the V;,,(H,;). The value of V;  (H,)
used was the recent and very precise result of McCor-
mack et al.,’® who measured and analyzed the singlet np
Rydberg states to obtain a value of
Vien(Hy)=124417.524(15) cm™ L. We  measured
AE (3d<2p), as reported in Table III, to a precision of
0.002 cm™~!. AE(2p<X) to our knowledge has never
been measured directly or calculated with an uncertainty
approaching 0.01 cm~!. If we had used Dieke’s®'° origi-
nal values for AE(2p<«X), as corrected by Miller and

Freund,!!
AE[(2p)’TI,v =1 N =2« X(para)]=97395.57 cm™',
AE[(2p)’M,v =1 N =1«X(ortho)]=97280.54 cm™! ,

in Eq. (2), the difference D (experiment-theory) in column
4 of Table IV would have been an approximately constant
nonzero value of about +0.124 cm ™~ !. The approximate-
ly constant nonzero value of this difference D as a func-
tion of n indicates that the long-range model is quite suc-
cessful but that Dieke’s initial values of AE (2p«X) are
incorrect by a constant amount. The scatter of these
differences D around their average value as n changes is
approximately 0.02 cm~!. Since &2 /n? and E gyag,por aT€
the only n-dependent terms in Eq. (2), and the uncertain-
ty of R/n? is only a few parts in 10'°, the scatter in D
must be due to E .4 .- We estimate the systematic un-
certainty in Eg,4 o to be 0.020 cm™'. The value of
E quad, poi 18 typically about —1 cm ™.

The ionization potential of the (2p)°Il, states, V;,(2p),
is given by (see Fig. 12)

Vi, (2p)=AE (3d<2p)+AE(nf«3d)

+R(Hy) /n*~EW0,R)—Eguapo - ()

Each choice of nf state and 3d state gives a slightly
different value of ¥V, (2p), but of course the result of Eq.
(3) ought to be constant for a given 2p state. We average
all the V,,,(2p)’s obtained from excitations from a given
2p state to nonanomalous nf states (see Sec. IVD for an
explanation of anomalous states), giving the results

Vien(2p)’Tl,v =1 N =2J =3 F =3(para)]
=27022.088(20) cm ™!,

Vien[(2p)’I,v =1 N =1J =2 F =3(ortho)]
=27137.099(20) cm ™! .

The uncertainties are given by the uncertainties of each
of the terms of Eq. (3), which are, respectively (in cm ™),
0.002, 0.002, 0, 0.002, and 0.020. The sum in quadrature
is 0.020 cm L.

AE (2p«X) for each of the metastable 2p levels exam-
ined is given by
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AE (2p<—X)=V, (H))—V,..(2p) , 4)
using the above average V., (2p)’s. The results are
AE[(2p)°N,v =1N =2J =3 F =3«X(para)]
=97395.436(25) cm ™!,
AE[(2p)M,v =1N =1J =2 F =3«X(ortho)]
=97280.425(25) cm ™! .

The uncertainties are given by the uncertainties of each
of the terms of Eq. (4), which are, respectively (in cm ™},
0.015 and 0.020. The sum in quadrature is 0.025 cm ™ ..

Eyler, Short, and Pipkin®® measured the above
Vion(2p)’s and found V,[2p(para)] to be 27022.01(2)
cm ™!, which is more than three standard deviations away
from our result. This discrepancy was traced to their use
of a value for

AE[(3d)’2,v =1,N =2(2p)’I,v =1,N =2]

of 16515.46(1) cm™!, taken from Ref. 13. As shown in
Table III, we measured the same transition to be at
16 515.5066(20) cm ~!. Eyler, Short, and Pipkin’s report-

P ST Vion(HZ)

AE (nf €3d)
= 11000cm’}

e 3d ("intermediate")
~ AE (3d€2p)
= 16 000cm™!
2p (metastable)
Energy
AE (2p€«X)
~ 95 000cm"!

X (ground)

FIG. 12. Excitation scheme showing the details of the
energy-level shifts from unperturbed Rydberg H atom levels
caused by the H,™ molecular core. The Rydberg series of states
above the V,,,(H,) level are the actual Rydberg states to which
we observe transitions. The energy levels of the actual states are
calculated by adding two corrections to the Rydberg H atom
energy levels given by V,,—R/n2 E(v,R) is the vibrational
and rotational energy of the core, and E g, is the correction
due to the long-range model. E g4 0 is shown as a positive
quantity in the drawing for clarity, but in fact for all the H,
states we examined, it is a negative quantity. This diagram is
not to scale vertically.
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ed difference of 0.03 cm ™! between the ionization poten-
tials of para-H, and ortho-H, from the ground state is
also brought to the expected value of zero within their ex-
perimental uncertainty by replacing 16515.46 with
16515.5066 in their analysis. Our value for ¥V, [2p
(ortho)] is the same as in Ref. 36, within their quoted un-
certainty.

D. Anomalous transitions

Certain transitions (marked in Tables II, IV, and V)
had unusually large values of |E(})4 ,i| leading to either
anomalously large D(n), or anomalously wide or narrow
widths. In each of these cases there was another state,
possibly with a much faster autoionization rate, very
close in energy to the anomalous state. The two states
mixed with and perturbed each other.! Table V lists the

TABLE V. Second-order energy corrections E 254 oo to Ryd-
berg levels. If the correction is large and the level is perturbed,
the level is marked with an X in the third column. All levels
arev =1.

E(qzulad,pol
Rydberg state (ecm™) Perturbed state
11fR=0N=3 0.2128 X
12fR=0N =3 —0.0825
13f R=0N=3 0.0207
14f R =0N=3 0.0532
15fR=0N=3 —0.2350 X
16f R =0N =3 0.0131
17f R =0N =3 0.0455
18f R =0N =3 —0.0023
19fR =0N =3 0.0233
20f R =0N =3 —0.0056
11fR=2N=2 0.0517
11fR=2N=3 0.2220 X
1IfR=1N=2 0.0864
12fR=1N=2 0.0609
13fR=1N=2 0.0205 X
14fR=1N=2 0.0401
15fR=1N=2 0.3623 X
16fR=1N=2 0.0282
17fR=1N=2 —0.0068
18f R=1N=2 0.0220
21fR=1N=2 0.0125
10f R=3N=0 0.0354
10fR=3N=1 0.0230
10f R=3N=2 0.0254
11fR=3N=0 0.1637 X
11fR=3N=1 0.1132 X
11fR=3N=2 0.0731
12fR=3N=1 0.0260
12fR=3N=2 —0.3049 X
13f R=3N=1 0.0611
22fR=1N=3 —0.0036
15fR=2N=3 0.0484
15fR =2N =4 0.0348
20fR=2N=4 —0.0502
15fR =4N=3 —0.0158
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Rydberg states we measured and shows all the corre-
sponding values of E{2)y oo If |E(2hq po| is large (greater
than about 0.1 cm™!), or if the state is drastically
widened and distorted, Table V shows an X in the third
column. A more precise, higher-order calculation that
treats strong localized perturbations would be necessary
to predict the positions of these perturbed levels, so these
transitions were not used in the calculations of the aver-
age values of V,,,(2p) and AE (2p<«X) in Sec. IV C.

V. CONCLUSION

We have measured the autoionization rates and transi-
tion energies of a variety of triplet nf, v =1 Rydberg
states of H,, using narrow linewidth single-mode cw dye
lasers crossed with a molecular beam. Our autoioniza-
tion rate data agree satisfactorily with the predictions of
the long-range model,""!° which are based on the interac-
tion of the Rydberg electron with the polarizability and
quadrupole moment of the H,* core. Our measurements
of the transition frequencies are accurate to 0.002 cm™ .
The predicted values of the transition frequencies'®!® do
not agree well with the measurements. The effects of
higher-order interactions, spin, and close-lying perturb-
ing states need to be added to the theory in order to ob-
tain energy-level predictions to the experimental accura-
cy of 0.002 cm™!. Possibly a multichannel quantum-
defect theory can be used to obtain more accurate predic-
tions. Additionally, we have found the absolute energy
levels of two triplet ¢ (2p)’Il,, v =1 metastable states of
H, relative to the ionization limit to an accuracy of 0.020
cm ™!, and relative to the singlet ground state to an accu-
racy of 0.025 cm™!. This links the singlet and triplet
manifolds of H, with very high precision.
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Our values of AE (2p<«X) for two particular 2p triplet
states provide a correction to two numbers contained on
p. E8 of Dieke’s tables.” One must bear in mind that
Dieke’s energy levels were derived from the weighted
average of the fine-structure components. We measured
the intervals between specific fine-structure components
of the H, states. For para-H,, the center of gravity of the
fine-structure energy levels is 0.067 cm ! away!?® from the
measured N =2, J=3 fine-structure component. For
ortho-H,, the center of gravity of the fine structure ener-
gy levels is 0.058 cm ™! away!® from the measured N =1,
J =2, F=3 fine-structure component. We have added
these center-of-gravity shifts relative to the specific fine-
structure components to our values of AE (2p<«X) in or-
der to compare our numbers directly with Dieke’s values
of AE(2p<X). We find that the shift needed to make
Dieke’s triplet term values correct is —149.662(25)
cm™!. This is an update of the Miller and Freund correc-
tion!! of —149.6 cm™!. The accuracy of this updated
correction for all of the rest of the triplet states in Dieke’s
table depends on the accuracy of Dieke’s measurements
within the triplet manifold.
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