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Rotational autoionization and energy levels of tripletnf , v50 Rydberg states of H2

M. D. Lindsay* and F. M. Pipkin†

Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138
~Received 5 June 1996; revised manuscript received 23 August 1996!

We have measured the energy levels and purely rotational autoionization rates of 25 different triplet Rydberg
states of the H2 molecule with quantum numbersn514–29,L53, v50, andR52–4. Electron impact excites
the ground-state molecules in a beam to the metastablec(2p) 3Pu states. Two-color laser excitation from two
counterpropagating single-mode cw dye laser beams excites the metastable molecules through an intermediate
(3d) 3S or (3d) 3P state to the tripletn f Rydberg states. The linewidths of the transitions to the Rydberg
states give the autoionization rates, which vary widely and agree satisfactorily with the quadrupole-moment-
polarizability long-range Coulomb interaction model. The laser transitions have been measured to 0.002 cm21.
We use these measurements, the model, and an extrapolation of the Rydberg series to derive the ionization
potential of the metastablec(2p) 3Pu v50 states with an accuracy of 0.020 cm21 and the energy difference
between the singlet ground state and the triplet metastablec(2p) 3Pu states with an accuracy of 0.025 cm

21.
This allows the whole singlet and triplet manifolds of H2 to be linked together with higher accuracy: our
correction to Dieke’s H2 triplet term values is2149.704~25! cm21. @S1050-2947~97!00202-3#

PACS number~s!: 33.80.Eh, 33.80.Rv, 33.70.Jg
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I. INTRODUCTION

The Rydberg states described in this paper are interes
because their decay dynamics are strongly influenced by
H2

1 core and their energy levels show an easily calcula
shift from H atom energy levels. For the Rydberg states
scribed in this paper and in Refs.@1,2#, the dominant decay
mode is autoionization, in which the vibrational and/or ro
tional energy of the H2

1 core transfers to the Rydberg ele
tron whose electronic energy is already very close to
ionization potential. The extra energy ejects the outer e
tron at a rate given by Fermi’s golden rule. The energy lev
are perturbed from H atom energy levels and the shifts
be calculated using perturbation theory. This long-ran
Coulomb multipole moment model of the interaction b
tween the H2

1 core and the Rydberg electron~the long-range
model!, giving the autoionization rate and energy-level-sh
calculations, is presented in detail in Ref.@3#. Extrapolating
our measured series of triplet Rydberg states to the ioniza
limit where the singlet and triplet manifolds merge provid
a highly precise link between the two separate manifolds
states.

The Rydberg H2 states described in Ref.@1# were v51
states, withR50–4. ~v is the vibrational quantum numbe
of the H2

1 core andR is its rotational quantum number!
Since a vibrational quantum of energy for H2

1 is about 40
times the rotational quantum of energy, most of the ene
for autoionization ofv51 states comes from the vibration
motion of the core. Thus purely rotational autoionization,
subject of this paper, for which the core quantum numb
are v50, R51,2,3,4,..., is in a different dynamical regim
More of the purely rotationally autoionizing states measu
in this paper are higher inR than the states measured in Re

*Present address: Physics Department, University of Louisv
Louisville, KY 40292.
†Deceased.
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@1# because higherR values are necessary to achieve t
energy needed for autoionization, whenv50. A higherR for
a state means that more decay channels are accessible, w
might lead to differences in dynamical behavior.

The Introduction of Ref.@1# contains a limited review of
spectroscopic work done on Rydberg hydrogen up to ab
1989. Since then, much more work has been done. Jun
et al. @4# have done extensive Fourier spectroscopy meas
ments of the energy levels of H2 and D2. They studied a very
wide range of states, both singlet and triplet, for several v
ues ofL, with an energy resolution of 0.05 cm21. Their work
remains the most accurate study of D2. This paper reports
energy-level measurements of a relatively small numbe
v50 H2 states, accurate to 0.025 cm21. Thev50, R53 en-
ergy level of the H2

1 ion core has been measured to hi
accuracy using the Rydberg electron as a probe of the
@5#. The long-range Coulomb model has been extended
used to determine ir spectra of H2 and D2 @6#. An extensive
series of high-L microwave transitions in Rydberg H2 has
allowed determination of theQ anda of the H2

1 core @7#.
More recent highly accurate measurements in singlet2
have given an updated value for the ionization poten
~Vion! of H2, as well as HD and D2 @8,9#. Interactions be-
tween Rydberg series of differentv andR have been studied
@10#. The autoionization rates and energy levels of tripletn f
Rydberg states of HD, with a permanent dipole moment
the core, have been studied@11#.

This paper reports measurements of the autoioniza
rates and energy levels of a variety of triplet Rydberg sta
of H2 with quantum numbersn514–29,L53, v50, R52–
4, andN51–4 @2#. The actual measurements are of lin
widths of transitions to the Rydberg states and of the en
gies of those laser transitions from low-lying 2p 3P, v50
metastable states of H2, through several tripletv50 interme-
diate states. The Lorentzian linewidths directly yield t
autoionization decay rates of the Rydberg states. Energy
els ~term values! of the Rydberg states are obtained from t
transition energies by extrapolating the Rydberg series

,
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55 1057ROTATIONAL AUTOIONIZATION AND ENERGY LEVELS . . .
by using the measurement of the ionization potential of2
@12,8,9# to link the triplet states to theVion and to the~sin-
glet! ground state, as described in Refs.@1,2#. This gives the
absolute energy levels of all of the measured 2p, 3d, andn f
triplet states, even though no direct transition is measu
between them and the ground state.

These are, to our knowledge, the first quantitative m
surements of purely rotational autoionization rates of n
penetrating high-n and high-L Rydberg states of triplet H2.
The rates are compared with the theoretical predictions
Ref. @3#. The energy levels ofv50 Rydberg states are foun
relative to the metastablec(2p) 3Pu , v50 states to an ac
curacy of 0.003 cm21. The absolute energy levels of th
2p 3Pu , v50 states are found to an accuracy of 0.025 cm21,
linking the singlet and triplet manifolds with high precisio
All errors and values in parentheses are one standard d
tion error.

II. SUMMARY OF EXPERIMENTAL PROCEDURE

This paper follows the notation used by Hougen@13# and
by Refs. @1,2#. n is the principal quantum number of th
outer electron, analogous ton for the H atom.L is the orbital
angular momentum of the outer electron, also analogou
the H atom.v is the vibration of the two protons andR is the
rotation of them.N is the total angular momentum of th
molecule excluding spins. For the Rydberg H2 molecules
N5L1R. The Rydbergn f states are in Hund’s couplin
cased, the lower-lying 2p states are in Hund’s caseb, and
the 3d states are intermediate between casesb andd.

The experimental method for the measurements repo
in this paper is the same as that described in detail in R
@1,2#. Those papers contain schematics of the apparatus
for this experiment. Briefly, we use a molecular beam in
high vacuum so that the Rydberg molecules do not col
while they are being measured. We start with ground-s
H2 and bombard it with 18-eV electrons in a narrow slit
the vacuum chamber. There the H2 is collisionally excited
into a multitude of states, including the metastable 2p 3Pu ,
v50 states@14#. The excited molecules travel 20 cm throug
the vacuum chamber, during which time almost all of t
excited states, except the metastable states, decay back
ground state. We use two separate cw single-frequency
laser systems, each with a bandwidth of about 20 MHz
excite the 2p molecules to the Rydberg states. The first la
selectively excites the 2p molecules to a particular 3d state.
Then the second laser immediately and selectively exc
the 3d molecules to ann f triplet Rydberg state. The two
lasers are lined up to be collinear and counterpropagat
The excitation to the 3d states is monitored by a uv photo
multiplier tube, which detects the continuum of uv lig
emitted by the 3d state as it decays. The excitation to t
Rydberg states is monitored by a channeltron in an elec
lens arrangement. The H2

1 ions produced by the autoioniz
ing states are detected.

Transition identification is made by correspondence w
the predicted positions of the transitions, as calculated by
model of Ref.@3#. Also essential for planning the measur
ments and finding transitions were the tables of H2 transi-
tions and energy levels of Dieke, as compiled by Crossw
@15#.
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III. LINE-SHAPE ANALYSIS AND AUTOIONIZATION
RATE DISCUSSION

During an autoionization rate measurement the laser
citing the 3d state was fixed and the second laser w
scanned across the transition to the Rydberg state. The c
neltron output, the second laser’s power level, and refere
étalon fringes were recorded by a computer. The digitiz
line shapes were numerically fit to a Voigt profile model a
the true Lorentzian widths were extracted. The autoioni
tion rate is simply 2p~width!. The exact correspondence b
tween Voigt profile widths and true Lorentzian widths d
pends nonlinearly on the Lorentzian width and is describ
in Ref. @1#. We measured the Gaussian component of
Voigt profiles to be 60610 MHz. True Lorentzian widths
ranged from 15 to 559 MHz. The errors in the widths com
from the standard deviation of the widths from several d
ferent scans over the same transition. Special care was t
to be sure that the transitions to the Rydberg states (n f←3d)
were not saturated. We also repeatedly sprayed the insid
the vacuum chamber surrounding the laser–molecular-b
interaction region with graphite powder to reduce stray sta
electric fields.

The multiple overlapping lines in one scan of one tran
tion are due to fine structure. Each fine-structure compon
has the same width, but a different strength. When the s
ting is greater than or on the order of the autoionizat
width, the true width is extracted by fitting the line shape
a sum of lines, each with a different center position. Fo
particular Rydberg state, the widths of the components,
though allowed to vary freely in the least-squares fit, we
always within 20% of each other. We ignored any broad
ing that might be due to fine-structure splitting much le
that the autoionization width. This is justified since the fin
structure component with highestJ is expected to be much
more intense~by at least a factor 5! than the components
with lower J very close in energy to it.~This has been veri-
fied with measurements of completely resolved and assig
fine-structure components of other states of H2 @16,17#.!

Typical transitions are shown in Fig. 1. The smooth li
through the measured line profile is the fit to the sum
Lorentzians. The horizontal axis is the offset from the pe
of the line, in megahertz. We obtained this local scaling fro
the 299.975-MHz e´talon fringes that were taken simulta
neously with the line profile. The vertical axis is scaled
arbitrary linear units; the zero of the vertical axis corr
sponds to the true signal plus noise zero.

Table I lists then f , v50 Rydberg levels observed, and
the second column their measured true Lorentzian width
one standard deviation error of each measurement. The
column is the theoretical prediction for the Lorentzian wid
derived from the autoionization rate prediction of Ref.@3#.
Column 4 compares the measurements with theory, in te
of experimental error. In general, for states for which there
a theoretical prediction@3#, agreement is satisfactory. Th
majority of measured widths tend to be a little larger than
theoretical values, especially for the narrower states. Thi
most likely due to residual weak unresolved fine-struct
components very close to the main component.

The groupings byN, with other quantum numbers hel
constant, allow one to see the autoionization rate’s str
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1058 55M. D. LINDSAY AND F. M. PIPKIN
dependence onN. For example, in the trio of statesn f , v50,
R53, N53,2,1, wheren520,21,22, the measured and pr
dicted autoionization rates go down by more than an orde
magnitude asN goes from 3 to 1.

Other decay modes of the Rydberg H2 molecules might
broaden the lines if the rates for the other processes wer
the order of or larger than the autoionization rate of ab
109 s21. ForL53 Rydberg states in the rangen510–30, the
radiative decay rate is about 106 s21, three orders of magni
tude smaller than our measured autoionization rates, thu
diative decay has no measurable effect in our experim
There is no evidence that any other decay processes s
ously broaden our lines. There is no transit time broaden
since the transit time through the apparatus is much la
than the autoionization time. The good agreement of li
width with prediction indicates that the dominant mode
decay for the Rydberg states measured is rotational auto
ization.

FIG. 1. Typical line profiles acquired while scanning the ir las
over transitions from the intermediate states to the Rydberg st
The smooth line is the sum of Lorentzians fit, which gives t
Lorentzian width and autoionization rate of the Rydberg state
described in the text.~a! is the para transition 15f , v50, R54,
N53←3d 3P, v50, N53 ~p. 69 of Ref.@2#!. This transition must
occur by theDR524 process as there is not enough energy
autoionize ifDR522 ~marked NA in text!. Nevertheless, it is fairly
strong and wide.~b! is the ortho transition 20f , v50, R53,
N51←3d 3P, v50, N53 ~p. 62 of Ref.@2#!. Spectra of all other
lines tabulated are in Ref.@2#.
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A. Not allowed „NA… states

One interesting feature of the states we measured is
several have no theoretical prediction for their autoionizat
rate. These are marked with NA~not allowed! or BT ~below
threshold! in Table I. This indicates that according to th
long-range model developed in Ref.@3#, the states should no
autoionize. The model only allowsDR522 autoionization,
due to the interactions of the Rydberg electron and the qu
rupole moment and polarizability of the H2

1 core. Of course
the core has higher-order moments that could allowDR524
or more autoionizations, but the theory does not account
these processes.DR522 autoionization is forbidden for the
threeR54 states at the bottom of Table I marked NA, due
energy conservation: if the core loses only its third a

r
s.

s

o

TABLE I. Autoionization widths of Rydberg states, compare
with the theoretical predictions of the long-range model. NA~not
allowed! indicates that the state has too little core energy forDR
522 autoionization, so the long-range model predicts that auto
ization will not occur, given its approximations. BT~below thresh-
old! indicates that the state apparently has too little core energy
any autoionization to occur. See Sec. III for a discussion.

Rydberg
state label
n f , v, R, N

Expt.
width
~MHz!

Theor.
width
~MHz!

Difference
~Expt.!2~Theor.!

~error!

2p 3P, v50, N52→3d 3S, v50, N52→
25f , 0, 2, 2 35~16! BT
26f , 0, 2, 2 61~21! NA
25f , 0, 2, 3 204~86! BT
26f , 0, 2, 3 162~77! 234 20.9

2p 3P, v50, N52→3d 3P, v50, N53→
25f , 0, 2, 4 411~93! BT
26f , 0, 2, 4 143~13! NA
27f , 0, 2, 4 273~50! NA
28f , 0, 2, 4 559~34! NA
29f , 0, 2, 4 533~219! NA

2p 3P, v50, N51→3d 3P, v50, N52→
20f , 0, 3, 1 21~16! 8 0.8
21f , 0, 3, 1 18~19! 7 0.6
22 f , 0, 3, 1 19~25! 6 0.5
20f , 0, 3, 2 133~29! 109 0.8
21f , 0, 3, 2 154~27! 94 2.2
22 f , 0, 3, 2 148~40! 82 1.6
20f , 0, 3, 3 320~52! 333 20.3
21f , 0, 3, 3 491~50! 286 4.1
22 f , 0, 3, 3 267~137! 250 0.1

2p 3P, v50, N52→3d 3P, v50, N53→
17f , 0, 4, 2 179~69! 141 0.6
18f , 0, 4, 2 139~26! 119 0.8
19f , 0, 4, 2 197~30! 101 3.2
14f , 0, 4, 3 ,15~11! NA
15f , 0, 4, 3 103~11! NA
16f , 0, 4, 3a 45~16! NA
17f , 0, 4, 3 429~57! 385 0.8
18f , 0, 4, 3 339~61! 325 0.2

aPerturbed state for which the long-range model may not be va
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55 1059ROTATIONAL AUTOIONIZATION AND ENERGY LEVELS . . .
fourth quanta of rotational excitation, the Rydberg electr
would not gain enough energy to ionize.~However, if DR
524 the three states could autoionize.! This causes the long
range model to predict zero autoionization rate. Thus th
R54 states most likely are undergoingDR524 autoioniza-
tion via the rotating H2

1 core’s octopole moment and qua
rupole polarizability. This higher-order process is expec
to be quite slow and in fact the lines corresponding to tr
sitions to those states are the narrowest we have meas
The actual measured widths of the lines were almost enti
the Gaussian instrumental width. Nevertheless, the lines’
nal strength was reasonably large.

The 26f , v50, R52, N52 state and the 26f –29f , v50,
R52,N54 states marked NA at the top of Table I are in t
NA category for another reason. For these states, if the2

1

core lost its two quanta of rotational energy, the Rydb
electron would have enough energy to autoionize. Howe
the autoionization selection rulesDL50 andDN50, com-
bined withN5R1L, means thatR cannot go to zero given
the starting values ofL53,N52 or 4. Once again the mode
indicates this by predicting no autoionization, within its a
proximations. The observed autoionization of these sta
can be explained by higher-orderDR522 autoionization de-
cay processes that do allowN to change by one in the deca
It may reflect the fact thatL, R, andN are not rigorously
perfect quantum numbers or it may reflect the mechan
describe below for BT states. These NA states also h
fairly strong signals, approximately as strong as the oth
allowed, transitions.

B. Below threshold „BT… states

The states marked BT in Table I offer yet another s
nario. For these states, even if the H2

1 core gives up all its
rotational energy, the Rydberg electron will still not ha
enough energy to autoionize. Thus it appears that ene
conservation forbids any autoionization by any order p
cess. However, some of the BT lines are quite strong
strong as the above threshold, allowed lines. Also some
the BT lines were quite narrow as one would expect fo
slow process, but some were wide, as well as strong, e.g.
25f , v50, R52, N54 line. ‘‘Forced ionization’’ @18–20#,
also known as core-assisted field ionization, is respons
for the ionization of these states marked BT. It is well know
that highly excited Rydberg atoms or molecules can be fi
ionized by an external static electric field. The threshold
ternal fieldF threshat which field ionization starts to occur i
given approximately by@21#

F thresh5
1

16n4
, ~1!

whereF is in atomic units of 5.13109 V/cm. In the canoni-
cal system of an H atom,2R/n2 is the true total energy o
the Rydberg electron. In our system of autoionizing Rydb
H2 the Rydberg electron also has the H2

1 core energyE(R)
available to it. If this energy is counted, the total energy
the Rydberg electron is2R/n21E(R). This extra energy
E(R) can be thought of as depressing the ionization poten
by an amountE(R) and reducingF threshbelow that given in
Eq. ~1!, allowing field ionization to occur more easily, at
n
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lower external field. The new lower electric fieldF thresh in
the presence of core excitation energyE(R).0 is

F thresh5

SE~R!2
1

2n2D
2

4
. ~2!

Forn525 andE(R52)5174.23 cm21, the threshold electric
field for field ionization over the depressed ionization pote
tial is only 0.045 V/cm, which could easily be obtained fro
stray static electric fields in the laser–molecular-beam in
action region. As shown in Sec. IV, each BT molecu
state’s total energy is only about 1 cm21 below the ionization
potential. In these cases, a very weak electric field is eno
to tear off the Rydberg electron of the H2moleculewith core
excitation, even though a relatively strong field of about 8
V/cm would be required to field ionize ann525 H atom.

IV. ENERGY-LEVEL ANALYSIS AND DISCUSSION

Transition energy measurements were made by fixing
lasers to the peaks of their transitions. The energies of
beams were measured withI 2 lines @22,23# and with a
wavemeter@24#. The wavemeter measured the laser frequ
cies with an accuracy of 0.002 cm21. The absolute energy
levels of then f states were found using a method describ
in more detail in Ref.@1#. Briefly, this involved finding the
ionization potentialVion(2p) of 2p states using the measure
ments of the transitions that came from that 2p state. The
rotational energy of the H2

1 core E(R) @25,26,5# and the
energy shiftEquad,polfrom H atom levels due to the H2

1 core
provided by the long-range model of Ref.@3# were also
needed. Figure 2 shows the energy levels. We have

Vion~2p!5DE~3d←2p!1DE~n f←3d!1R~H2!/n
2

2E~R!2Equad,pol, ~3!

whereDE(b←a) is the measured transition energy betwe
statesa andb. Tables II and III give theE(R) andEquad,pol
values used in this paper.R~H2! is the Rydberg constant fo
H2

1 ande2, 109 707.4496 cm21. Using Eq.~3!, each differ-
entn f state gave a slightly different value forVion(2p). All
of the values ofVion(2p) related to a particular 2p state were
averaged; this amounts to an extrapolation of the Rydb
series. The typical scatter in the individual values
Vion(2p) is about 0.02 cm

21. This is indicative of the error in
Equad,pol since all the other terms in Eq.~3! have much
smaller errors.~The 16f , v50, R54, N53 state is clearly
perturbed and was excluded from all analysis.!

The intervalDE(2p←X) between the triplet 2p states
and the~singlet! ground stateX ~which is not directly mea-
sured! is of course

DE~2p←X!5Vion~H2!2Vion~2p!. ~4!

Vion~H2!, the ionization potential of H2, is given as
124 417.50760.012 cm21 by a separate experiment@8,9#.
The absolute energy levels of the 3d and n f states can be
found by adding their respective transition energies
DE(2p←X). The error inDE(2p←X) is 0.025 cm21, ap-
proximately the sum in quadrature of the errors of the rig



t
fo

si

a
te
ig
n

th

e
io

e

l
f

2

e
nt

tions
I,

V

on
es
a
io
b

y

lid.

1060 55M. D. LINDSAY AND F. M. PIPKIN
hand side of Eq.~4!. This is also the error for all of the triple
energy levels since the transition frequency errors
DE(3d←2p) and DE(n f←3d), 0.002 cm21, are much
smaller than 0.025 cm21.

The transition frequencies we measured are listed
Tables IV and V. Table IV gives the frequencies of tran
tions between 2p states and 3d states,DE(3d←2p). Mea-
surements of these intervals were essential in locating
calculating the absolute energy levels of the Rydberg sta
which are discussed in the rest of this section. Of the e
3d←2p transitions measured, we only used the seco
fourth, and fifth transitions to obtain Rydberg states.

Table V gives the frequencies of transitions between
3d states and then f Rydberg states,DE(n f←3d). For all
transition measurements in both tables, the lasers were s
the peaks of the transitions. This corresponds to transit
from the lower state’s spin sublevel of maximumJ to the
upper state’s spin sublevel of maximumJ.

FIG. 2. Energy-level scheme for experiment. Laser excitati
are 2p to 3d and 3d to n f . The autoionizing Rydberg series stat
above the ionization potential are the ones to which transitions
measured. The dotted line Rydberg series states just below the
ization potential are the H atom Rydberg levels, which must
corrected by the H2

1 core energyE(v50,R) and the long-range
Coulomb perturbationEquad,pol to get actual H2 energies. This dia-
gram is not to scale vertically.

TABLE II. Rotational energy levels of H2
1 core, taken or ex-

trapolated from Refs.@25,5#.

R Energy levelE(R) ~cm21!

0 0
1 58.2322~20!
2 174.2323~20!
3 347.0912~20!
4 575.4503~80!
r

in
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ht
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By combining Eqs.~3! and ~4! and using the appropriat
groups ofDE(3d←2p) andDE(n f←3d) values, one may
obtain the energy levels of the 2p states,DE(2p←X). Just
as for the calculation ofVion(2p), each differentn f state
yields a different value forDE(2p←X). These values are al
within 0.025 cm21 of each other, indicative of the sum o
errors in the model calculationEquad,pol and the ionization
potential of H2, Vion~H2!. We average theDE(2p←X) val-
ues obtained from transitions emanating from a particularp
state to obtain the averageDE(2p←X). These derived
model-dependent@3# values are given in column 2 of Tabl
VI. OnceDE(2p←X) is known, then the model-depende
absolute energy levels~term values! of the 3d andn f states
we have measured can be obtained by adding the transi
energies of Tables IV and V to the term values of Table V
column 2.

The theoretical intervals in the third column of Table
are obtained from a rearrangement of Eqs.~3! and~4!, which
is

DE~n f←3d!5Vion~H2!2R/n21Equad,pol1E~R!

2DE~2p←X!2DE~3d←2p!,
~5!

s

re
n-
e

TABLE III. Energy correction to the Rydberg electron energ
due to the long-range influence of the H2

1 core. Equad,pol
5Equad

~1! 1Epol
~1!1Equad,pol

~2! .

Rydberg
state label
nL, v, R, N Equad

~1! Epol
~1! Equad,pol

~2!

25f , 0, 2, 2 20.0315 20.0743 0.0021
26f , 0, 2, 2 20.0280 20.0661 20.0015
25f , 0, 2, 3 0.0578 20.0646 0.0075
26f , 0, 2, 3 0.0514 20.0575 20.0042
25f , 0, 2, 4 0.0789 20.0623 20.0022
26f , 0, 2, 4 0.0701 20.0554 20.0186
27f , 0, 2, 4 0.0626 20.0495 0.0099
28f , 0, 2, 4 0.0561 20.0444 0.0042
29f , 0, 2, 4 0.0505 20.0400 0.0025
20f , 0, 3, 1 20.2172 20.1629 0.0149
20f , 0, 3, 2 20.0917 20.1492 0.0085
20f , 0, 3, 3 0.0483 20.1339 0.0082
21f , 0, 3, 1 20.1876 20.1409 0.0132
21f , 0, 3, 2 20.0792 20.1290 0.0155
21f , 0, 3, 3 0.0417 20.1158 0.0392
22 f , 0, 3, 1 20.1632 20.1226 0.0118
22 f , 0, 3, 2 20.0689 20.1123 0.0075
22 f , 0, 3, 3 0.0363 20.1008 0.0100
17f , 0, 4, 2 20.2550 20.2565 0.0185
18f , 0, 4, 2 20.2149 20.2164 0.0156
19f , 0, 4, 2 20.1827 20.1843 0.0136
15f , 0, 4, 3 20.0675 20.3387 20.0124
16f , 0, 4, 3a 20.0556 20.2797 0.0359
17f , 0, 4, 3 20.0464 20.2336 0.0159
18f , 0, 4, 3 20.0391 20.1971 0.0109

aPerturbed state for which the long-range model may not be va
This state was excluded from calculations of the averageVion(2p)
andDE(2p←X).
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TABLE IV. Transition energies from 2p metastable states to 3d intermediate states.

Transition Interval ~cm21!

3d 3S, v50, N51, J52←2p 3P, v50, N51 J52 ~ortho! 16 854.8915~20!
3d 3S, v50, N52, J53←2p 3P, v50, N52 J53 ~para! 16 764.1639~20!
3d 3S, v50, N53, J54←2p 3P, v50, N53 J54 ~ortho! 16 654.2712~50!
3d 3P, v50, N51, J52←2p 3P, v50, N51 J52 ~ortho! 17 212.0622~20!
3d 3P, v50, N52, J53←2p 3P, v50, N51 J52 ~ortho! 17 199.2420~20!
3d 3P, v50, N53, J54←2p 3P, v50, N52 J53 ~para! 17 202.5479~20!
3d 3P, v50, N53, J54←2p 3P, v50, N53 J54 ~ortho! 17 261.3278~30!
3d 3D, v50, N53, J54←2p 3P, v50, N53 J54 ~ortho! 17 537.0313~100!
As
n of
eo-
re-
e
t.

of

ea-
rob-
ula-
e

the
-
ole
is
ry,
lso
hat
n.
ure
e
uld

al-
rm
ot
the
2
ents

nd
of
tion
ft is
f
r of
be

re
, a
ive

nd

va

li
TABLE V. List of n f Rydberg levels showing the measured a
theoretical intervals betweenn f Rydberg and 3d intermediate lev-
els and the difference between measured and theoretical inter
All units are cm21.

Rydberg
state label
nL, v, R, N

Measured
DE(n f←3d)

Theoretical
DE(n f←3d)

Difference
@~Expt.!

2~Theor.!#

2p 3P, v50, N52→3d 3S, v50, N52→
25f , 0, 2, 2 12 589.6296~20! 12 589.6263 0.0033
26f , 0, 2, 2 12 602.8786~30! 12 602.8772 0.0014
25f , 0, 2, 3 12 589.7257~20! 12 589.7307 20.0050
26f , 0, 2, 3 12 602.9577~20! 12 602.9625 20.0048

2p 3P, v50, N52→3d 3P, v50, N53→
25f , 0, 2, 4 12 151.3629~20! 12 151.3604 0.0025
26f , 0, 2, 4 12 164.5855~20! 12 164.5849 0.0006
27f , 0, 2, 4 12 176.4189~30! 12 176.4106 0.0083
28f , 0, 2, 4 12 186.9690~30! 12 186.9608 0.0082
29f , 0, 2, 4 12 196.4436~30! 12 196.4421 0.0015

2p 3P, v50, N51→3d 3P, v50, N52→
20f , 0, 3, 1 12 349.1713~20! 12 349.1762 20.0049
20f , 0, 3, 2 12 349.3129~20! 12 349.3090 0.0039
20f , 0, 3, 3 12 349.4655~20! 12 349.4640 0.0015
21f , 0, 3, 1 12 374.7204~20! 12 374.7250 20.0046
21f , 0, 3, 2 12 374.8493~20! 12 374.8476 0.0017
21f , 0, 3, 3 12 375.0009~20! 12 375.0054 20.0045
22 f , 0, 3, 1 12 396.8657~20! 12 396.8678 20.0021
22 f , 0, 3, 2 12 396.9733~20! 12 396.9681 0.0052
22 f , 0, 3, 3 12 397.0911~30! 12 397.0873 0.0038

2p 3P, v50, N52→3d 3P, v50, N53→
17f , 0, 4, 2 12 347.9896~30! 12 347.9923 20.0027
18f , 0, 4, 2 12 389.0742~30! 12 389.0770 20.0028
19f , 0, 4, 2 12 423.8407~40! 12 423.8437 20.0030
15f , 0, 4, 3 12 240.0736~20! 12 240.0886 20.0150
16f , 0, 4, 3a 12 298.9532~20! 12 299.2518 20.2986
17f , 0, 4, 3 12 348.2255~40! 12 348.2212 0.0043
18f , 0, 4, 3 12 389.2705~30! 12 389.2674 0.0031

aPerturbed state for which the long-range model may not be va
This state was excluded from calculations of the averageVion(2p)
andDE(2p←X).
where all of the terms on the right-hand side are known.
can be seen from the nonzero difference in the last colum
Table V, the measurements do not agree well with the th
retical predictions, at least to within the transition measu
ment error of 0.002 cm21. If one assumes that the error in th
theory is about 0.02 cm21 then there is good agreemen
Typical magnitudes ofEquad,pol are about 0.2 cm21, so the
model @3# is accurate to about 10%.

By construction, the deviations in the last column
Table V~excluding the anomalous 16f state! average to zero.
The deviations of the theoretical predictions from the m
sured values are apparently random. The deviations are p
ably due to three factors that the long-range model calc
tion @3# of Equad,pol ignores. One factor is the effect of th
core penetration of then f wave function. Even forL53
there is still some penetration and thus the perturbation in
energy level will be slightly different from the model predic
tion, which assumes perturbation from a point quadrup
moment and point polarizability. Finite core penetration
naturally treated in multichannel quantum-defect theo
which is beyond the scope of this experimental paper. A
there are higher-order multipole Coulomb moments t
slightly shift the energy level. The third factor is that of spi
The model ignores spin, but the levels have fine-struct
splitting of up to 0.03 cm21 and there is no reason to believ
that a Rydberg state’s energy level is exactly what it wo
be if spin did not exist.

The values of Table VI represent a correction to two v
ues on page E8 of Crosswhite’s compilation of Dieke’s te
values of H2 @15#. However, the two pairs of numbers cann
be compared directly since Dieke’s values were for
weighted average of the fine-structure components of thep
state. We can easily resolve the fine-structure compon
and our values are for the energy of a particularN,J,F fine-
structure component. The particular values ofN,J,F are
given in Table VI. The fine structure of the 2p states is very
well known via the microwave measurements of Lichten a
co-workers@27,16#, so we can easily calculate the energy
the center of mass of the fine structure relative to the posi
of the fine-structure component that we measure. The shi
given in column 3 of Table VI. Column 4 is the sum o
columns 2 and 3 and is our measurement of the cente
mass of the 2p states. The numbers in column 4 can
directly compared with Dieke’s numbers@15# in column 5.
The last column of Table VI is their differences, which a
our corrections to Dieke’s term values. The correction
negative number, must be added to Dieke’s values to g

ls.

d.
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TABLE VI. Term values ofDE(2p←X) measured in this paper and a comparison to Dieke’s term values@15#. All units are cm21. c.m.
indicates center of mass.

Rydberg state
2p 3P, v, N, J, F

DE(2p←X)
~this paper!

c.m.
correction

DE(2p←X)
c.m.

~this paper!

DE(2p←X)
c.m.

~Dieke! Difference

0, 2, 3, 3~para! 95 062.314~25! 0.071 95 062.385~25! 95 212.11 2149.725
0, 1, 2, 3~ortho! 94 941.546~25! 0.062 94 941.608~25! 95 091.32 2149.712
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the correct energy level, i.e., the absolute value of the c
rection must be subtracted from Dieke’s values. Averag
the last column of Table VI gives a correction
2149.718~25! cm21. Averaging this correction with the
2149.689~25! cm21 derived from thev51 Rydberg H2
states in Ref.@2# ~updated with the present value of H2 ion-
ization potential @8,9#! gives a final correction of
2149.704~25! cm21. The accuracy obtained by applying th
correction to all of the rest of the triplet term values
Dieke’s tables depends on the accuracy of Dieke’s meas
ments within the triplet manifold@15#. As we have found in
this paper and in Ref.@1#, his measurements of fourv50 and
v51, 2p states are accurate relative to each other to wit
0.04 cm21.

V. CONCLUSION

We have measured the autoionization rates of a variet
purely rotationally autoionizing tripletn f , v50, RÞ0 Ryd-
berg states of H2, using precision single-frequency cw dy
lasers crossed with a molecular beam. The rate meas
ments are accurate to about 20%. The autoionization r
agree well with the predictions of the long-range mod
which are based on the interaction of the Rydberg elec
with the polarizability and quadrupole moment of the H2

1

core. However, we have seen some autoionizing states
cannot autoionize according to the model@3#. This is ex-
plained by ‘‘forced’’ or core-assisted field ionization due to
small stray external electric field and also by the model
.

he
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n

of

re-
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n
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t

including higher-order multipole moments of the core, im
perfect quantum numbers, and spin.

We have measured the energies of transitions from cer
metastable 2p, v50 states of H2 to 3d states and then to th
Rydberg states, using a wavemeter andI 2 reference lines.
These measurements are accurate to 0.002 cm21, which is 60
MHz. Using an extrapolation of the Rydberg series, we ha
obtained the ionization potentialVion(2p) of the 2p states.
Then using the ionization potential of H2 from a different
experiment@8,9# and the long-range Coulomb model@3# en-
ergy perturbation, we obtain the vacuum uv interv
DE(2p←X) between the triplet 2p states and the single
ground state, to an accuracy of 0.025 cm21. Even though no
transition from a singlet to a triplet state has been obser
for this paper, we still link the singlet and triplet manifold
with very high precision. This method links the manifolds
the ionization potential, where the singlet-triplet distinctio
vanishes as one electron is removed to infinity.

We have updated the correction to Dieke’s triplet te
values@15#. The present correction is2149.704~25! cm21.
Jungenet al. @14#, using a completely different Fourier spe
troscopy method and differentv50 H2 states, obtain a cor
rection of2149.700~50! cm21, showing that their measure
ments are in excellent agreement with ours.
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