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We have measured the energy levels and purely rotational autoionization rates of 25 different triplet Rydberg
states of the limolecule with quantum numbers=14—-29,L =3, v =0, andR=2-4. Electron impact excites
the ground-state molecules in a beam to the metast48ig) °I1, states. Two-color laser excitation from two
counterpropagating single-mode cw dye laser beams excites the metastable molecules through an intermediate
(3d) 3% or (3d) 3 state to the triplenf 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.H02 cm
We use these measurements, the model, and an extrapolation of the Rydberg series to derive the ionization
potential of the metastablg(2p) 311, v =0 states with an accuracy of 0.020 thand the energy difference
between the singlet ground state and the triplet metast{Bie) °I1, states with an accuracy of 0.025 thn
This allows the whole singlet and triplet manifolds of kb be linked together with higher accuracy: our
correction to Dieke’s i triplet term values is—149.70425) cm™ . [S1050-294{@7)00202-3

PACS numbe(s): 33.80.Eh, 33.80.Rv, 33.70.Jg

[. INTRODUCTION [1] because higheR values are necessary to achieve the
energy needed for autoionization, whes0. A higherR for
The Rydberg states described in this paper are interesting state means that more decay channels are accessible, which

because their decay dynamics are strongly influenced by thmight lead to differences in dynamical behavior.
H," core and their energy levels show an easily calculable The Introduction of Ref{1] contains a limited review of
shift from H atom energy levels. For the Rydberg states despectroscopic work done on Rydberg hydrogen up to about
scribed in this paper and in Refd,2], the dominant decay 1989. Since then, much more work has been done. Jungen
mode is autoionization, in which the vibrational and/or rota-et al.[4] have done extensive Fourier spectroscopy measure-
tional energy of the K" core transfers to the Rydberg elec- ments of the energy levels of,tdnd D,. They studied a very
tron whose electronic energy is already very close to thavide range of states, both singlet and triplet, for several val-
ionization potential. The extra energy ejects the outer elecues ofL, with an energy resolution of 0.05 ¢rh Their work
tron at a rate given by Fermi’s golden rule. The energy levelsemains the most accurate study of.Orhis paper reports
are perturbed from H atom energy levels and the shifts caenergy-level measurements of a relatively small number of
be calculated using perturbation theory. This long-range =0 H, states, accurate to 0.025 ¢ Thev =0, R=3 en-
Coulomb multipole moment model of the interaction be-ergy level of the H" ion core has been measured to high
tween the H" core and the Rydberg electréthe long-range accuracy using the Rydberg electron as a probe of the core
mode), giving the autoionization rate and energy-level-shift[5]. The long-range Coulomb model has been extended and
calculations, is presented in detail in RE3]. Extrapolating used to determine ir spectra of,ldnd D, [6]. An extensive
our measured series of triplet Rydberg states to the ionizatiogeries of high- microwave transitions in Rydberg,thas
limit where the singlet and triplet manifolds merge providesallowed determination of th® and « of the H,* core[7].

a highly precise link between the two separate manifolds oMore recent highly accurate measurements in singlet H
states. have given an updated value for the ionization potential
The Rydberg H states described in Reffl] werev=1  (V,,,) of H,, as well as HD and P[8,9]. Interactions be-

states, withR=0-4. (v is the vibrational quantum number tween Rydberg series of differentandR have been studied
of the H," core andR is its rotational quantum numbgr. [10]. The autoionization rates and energy levels of triplét
Since a vibrational quantum of energy fopHis about 40 Rydberg states of HD, with a permanent dipole moment in
times the rotational quantum of energy, most of the energyhe core, have been studigtil].
for autoionization ofv =1 states comes from the vibrational ~ This paper reports measurements of the autoionization
motion of the core. Thus purely rotational autoionization, therates and energy levels of a variety of triplet Rydberg states
subject of this paper, for which the core quantum numbersf H, with quantum numbera=14-29,L=3, v =0, R=2—
arev=0, R=1,2,3,4,..., is in a different dynamical regime. 4, andN=1-4 [2]. The actual measurements are of line-
More of the purely rotationally autoionizing states measuredvidths of transitions to the Rydberg states and of the ener-
in this paper are higher iR than the states measured in Ref. gies of those laser transitions from low-lyingp 3I1, v =0
metastable states of,Hthrough several triplet =0 interme-
diate states. The Lorentzian linewidths directly yield the
*Present address: Physics Department, University of Louisvilleautoionization decay rates of the Rydberg states. Energy lev-
Louisville, KY 40292. els (term valueg of the Rydberg states are obtained from the
"Deceased. transition energies by extrapolating the Rydberg series and
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by using the measurement of the ionization potential ¢f H 1ll. LINE-SHAPE ANALYSIS AND AUTOIONIZATION
[12,8,9 to link the triplet states to th¥,,, and to the(sin- RATE DISCUSSION

glet) ground state, as described in Rdfs2]. This gives the . L
absolute energy levels of all of the measured 2d, andn f During an autoionization rate measurement the laser ex-

triplet states, even though no direct transition is measure@iting the 3 state was fixed and the second laser was
between them and the ground state. scanned across the transition to the Rydberg state. The chan-

These are, to our knowledge, the first quantitative meapeltron output, the second laser’s power level, and reference
surements of purely rotational autoionization rates of nonetalon fringes were recorded by a computer. The digitized
penetrating hight and hight. Rydberg states of triplet |4 line shapes were numerically fit to a Voigt profile model and
The rates are compared with the theoretical predictions othe true Lorentzian widths were extracted. The autoioniza-
Ref.[3]. The energy levels af =0 Rydberg states are found tion rate is simply Zr(width). The exact correspondence be-
relative to the metastable(2p) °I1,, v=0 states to an ac- tween Voigt profile widths and true Lorentzian widths de-
curacy of 0.003 cm'. The absolute energy levels of the pends nonlinearly on the Lorentzian width and is described
2p %M, v=0 states are found to an accuracy of 0.025¢m in Ref. [1]. We measured the Gaussian component of the
linking the singlet and triplet manifolds with high precision. Voigt profiles to be 6610 MHz. True Lorentzian widths
All errors and values in parentheses are one standard deviganged from 15 to 559 MHz. The errors in the widths come
tion error. from the standard deviation of the widths from several dif-
ferent scans over the same transition. Special care was taken
to be sure that the transitions to the Rydberg statdés{(3d)
were not saturated. We also repeatedly sprayed the inside of

This paper follows the notation used by Houdé8] and  the vacuum chamber surrounding the laser—molecular-beam
by Refs.[1,2]. n is the principal quantum number of the interaction region with graphite powder to reduce stray static
outer electron, analogous tofor the H atomL is the orbital  electric fields.
angular momentum of the outer electron, also analogous to The multiple overlapping lines in one scan of one transi-
the H atomuw is the vibration of the two protons arrlis the  tion are due to fine structure. Each fine-structure component
rotation of them.N is the total angular momentum of the has the same width, but a different strength. When the split-
molecule excluding spins. For the Rydberg Hholecules ting is greater than or on the order of the autoionization
N=L+R. The Rydbergnf states are in Hund’'s coupling width, the true width is extracted by fitting the line shape to
cased, the lower-lying 2 states are in Hund’s case and a sum of lines, each with a different center position. For a
the 3d states are intermediate between casesdd. particular Rydberg state, the widths of the components, al-

The experimental method for the measurements reportetthough allowed to vary freely in the least-squares fit, were
in this paper is the same as that described in detail in Refalways within 20% of each other. We ignored any broaden-
[1,2]. Those papers contain schematics of the apparatus usétfy that might be due to fine-structure splitting much less
for this experiment. Briefly, we use a molecular beam in athat the autoionization width. This is justified since the fine-
high vacuum so that the Rydberg molecules do not collidestructure component with highedtis expected to be much
while they are being measured. We start with ground-statenore intense(by at least a factor )5than the components
H, and bombard it with 18-eV electrons in a narrow slit in with lower J very close in energy to itThis has been veri-
the vacuum chamber. There the 4 collisionally excited fied with measurements of completely resolved and assigned
into a multitude of states, including the metastabte®®1,,  fine-structure components of other states of[#5,17].)

v =0 state§14]. The excited molecules travel 20 cm through  Typical transitions are shown in Fig. 1. The smooth line
the vacuum chamber, during which time almost all of thethrough the measured line profile is the fit to the sum of
excited states, except the metastable states, decay back to th@entzians. The horizontal axis is the offset from the peak
ground state. We use two separate cw single-frequency dy& the line, in megahertz. We obtained this local scaling from
laser systems, each with a bandwidth of about 20 MHz, tahe 299.975-MHz ®&lon fringes that were taken simulta-
excite the P molecules to the Rydberg states. The first lasemeously with the line profile. The vertical axis is scaled in
selectively excites themolecules to a particulard3state.  arbitrary linear units; the zero of the vertical axis corre-
Then the second laser immediately and selectively excitesponds to the true signal plus noise zero.

the 3 molecules to amf triplet Rydberg state. The two Table | lists thenf, v =0 Rydberg levels observed, and in
lasers are lined up to be collinear and counterpropagatinghe second column their measured true Lorentzian width and
The excitation to the & states is monitored by a uv photo- one standard deviation error of each measurement. The third
multiplier tube, which detects the continuum of uv light column is the theoretical prediction for the Lorentzian width
emitted by the 8 state as it decays. The excitation to the derived from the autoionization rate prediction of Ri&].
Rydberg states is monitored by a channeltron in an electro@olumn 4 compares the measurements with theory, in terms
lens arrangement. The,H ions produced by the autoioniz- of experimental error. In general, for states for which there is
ing states are detected. a theoretical predictioi3], agreement is satisfactory. The

Transition identification is made by correspondence withmajority of measured widths tend to be a little larger than the
the predicted positions of the transitions, as calculated by ththeoretical values, especially for the narrower states. This is
model of Ref.[3]. Also essential for planning the measure- most likely due to residual weak unresolved fine-structure
ments and finding transitions were the tables gfttdnsi-  components very close to the main component.
tions and energy levels of Dieke, as compiled by Crosswhite The groupings byN, with other quantum numbers held
[15]. constant, allow one to see the autoionization rate’s strong

IIl. SUMMARY OF EXPERIMENTAL PROCEDURE
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TABLE I. Autoionization widths of Rydberg states, compared

with the theoretical predictions of the long-range model. [hat
allowed indicates that the state has too little core energyA&
S =—2 autoionization, so the long-range model predicts that autoion-
g ization will not occur, given its approximations. Bbelow thresh-
n old) indicates that the state apparently has too little core energy for
< any autoionization to occur. See Sec. lll for a discussion.
§ Rydberg Expt. Theor. Difference
S state label width width (Expt)—(Theor)
,g nf,v, R, N (MHz) (MHz) — (efron
< 2p 3, =0, N=2—3d 35, =0, N=2—
25f,0,2,2 3516) BT
e M NN 26f, 0, 2,2 6121 NA
-1000 -500 . (¢} 500 1000 25‘:7 0,2 3 20486) BT
Offset from Line Center (MHz) 26f. 0. 2. 3 16277) 234 —0.9
M ' ' ; ' 2p 31, v=0, N=2—3d 3II, v =0, N=3—
25f,0,2,4 41193 BT
_ 12 (b) g 26f, 0,2, 4 14813 NA
e 27f,0,2, 4 27350) NA
> 28f, 0,2, 4 55934) NA
e °f 29, 0,2, 4 538219 NA
S . 2p 31, v=0,N=1—-3d %I, v =0, N=2—
< i 20f, 0,3, 1 2116) 8 0.8
S 21f,0,3,1 1819 7 0.6
2 st 221,0,3,1 1925) 6 0.5
20f, 0, 3, 2 13829 109 0.8
. ] . . . 21f,0, 3,2 15427) 94 2.2
~1000 -500 0 500 1000 221,0,3,2 14840) 82 1.6
Offset from Line Center (MHz) 20f, 0, 3, 3 32052 333 -03
21f,0, 3,3 49150 286 4.1
FIG. 1..'I.'ypical line prqfiles acquired while scanning the ir Iaser22f 0,3 3 267137) 250 01
over transitions from the intermediate states to the Rydberg states.
The smooth line is the sum of Lorentzians fit, which gives the2p 31, v=0,N=2—3d %I, v=0, N=3—

1%

Lorentzian width and autoionization rate of the Rydberg state, ag7f, 0, 4, 2 17969) 141 0.6
described in the text(a) is the para transition I5 v=0, R=4, 18f, 0, 4, 2 13926) 119 0.8
N=3—3d °II, v=0, N=3 (p. 69 of Ref.[2]). This transition must 19t (o 4, 2 19730) 101 3.2
occur by theAR=—éz process as therle is not enough energy tol4f, 0,43 <15(11) NA

autoionize ifAR=—2 (marked NA in text. Nevertheless, it is fairly

strong and wide.(b) is the ortho transition 2Q v=0, R=3, 151, 0,4, 3 10811 NA

N=1<3d 31, v=0, N=3 (p. 62 of Ref.[2]). Spectra of all other ig; 8 j f 325(9;% 2‘2';‘_) 0.8

lines tabulated are in Reff2]. 18 0 4 3 33961) i 0.2

dependence oN. For example, in the trio of stated’, v =0,
R=3, N=3,2,1, wheren=20,21,22, the measured and pre- 3Perturbed state for which the long-range model may not be valid.
dicted autoionization rates go down by more than an order of
magnitude aN goes from 3 to 1. A. Not allowed (NA) states

Other decay modes of the Rydberg kholecules might ) ) )
broaden the lines if the rates for the other processes were on One interesting feature of the states we measured is that
the order of or larger than the autoionization rate of abous€veral have no theoretical prediction for their autoionization
10° s L. For L =3 Rydberg states in the range=10-30, the ~ rate. These are marked with Niiot allowed or BT (below
radiative decay rate is about®§ %, three orders of magni- threshold in Table |. This indicates that according to the
tude smaller than our measured autoionization rates, thus réeng-range model developed in RE3], the states should not
diative decay has no measurable effect in our experimengautoionize. The model only allowAR=-2 autoionization,
There is no evidence that any other decay processes spufue to the interactions of the Rydberg electron and the quad-
ously broaden our lines. There is no transit time broadeningupole moment and polarizability of the,H core. Of course
since the transit time through the apparatus is much largghe core has higher-order moments that could aldd®~=—4
than the autoionization time. The good agreement of lineor more autoionizations, but the theory does not account for
width with prediction indicates that the dominant mode ofthese processeAR=—2 autoionization is forbidden for the
decay for the Rydberg states measured is rotational autoiothreeR=4 states at the bottom of Table | marked NA, due to
ization. energy conservation: if the core loses only its third and
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fourth quanta of rotational excitation, the Rydberg electronower external field. The new lower electric fiek g in
would not gain enough energy to ioniz¢dowever, if AR  the presence of core excitation eneig¢R) >0 is

=—4 the three states could autoionjz€his causes the long-

range model to predict zero autoionization rate. Thus these E(R)— i 2
R=4 states most likely are undergoitddR=—4 autoioniza- ( 2n?
tion via the rotating H" core’s octopole moment and quad- Fivest=————7 - 2

rupole polarizability. This higher-order process is expected
to be quite slow and in fact the lines corresponding to trangg,n=25 andE(R=2)=174.23 cm’, the threshold electric
sitions to those states are the narrowest we have measurggh|q for field ionization over the depressed ionization poten-
The actual measured widths of the lines were almost entirely) s only 0.045 V/cm, which could easily be obtained from
the Gaussian instrumental width. Nevertheless, the lines’ sigstray static electric fields in the laser—molecular-beam inter-
nal strength was reasonably large. action region. As shown in Sec. IV, each BT molecular
The 26, v=0, R=2, N=2 state and the 26-29f, v=0,  gstate’s total energy is only about 1 chrbelow the ionization
R=2,N=4 states marked NA at the top of Table I are in the ytential. In these cases, a very weak electric field is enough
NA category for another reason. For these states, if the H {4 tear off the Rydberg electron of the, Fholeculewith core
core lost its two quanta of rotational energy, the Rydbergaycitation, even though a relatively strong field of about 820

electron would have enough energy to autoionize. Howevery/cm would be required to field ionize an=25 H atom
the autoionization selection rulesL =0 and AN=0, com-

bined withN=R+ L, means thaR cannot go to zero given
the starting values df =3, N=2 or 4. Once again the model
indicates this by predicting no autoionization, within its ap-  Transition energy measurements were made by fixing the
proximations. The observed autoionization of these statefisers to the peaks of their transitions. The energies of the
can be explained by higher-ord&R=—2 autoionization de- beams were measured with lines [22,23 and with a
cay processes that do allawto change by one in the decay. wavemetef24]. The wavemeter measured the laser frequen-
It may reflect the fact thak, R, andN are not rigorously cies with an accuracy of 0.002 ¢th The absolute energy
perfect quantum numbers or it may reflect the mechanisnevels of thenf states were found using a method described
describe below for BT states. These NA states also haviy more detail in Ref[1]. Briefly, this involved finding the
fairly strong signals, approximately as strong as the otherionization potentiaV,,,(2p) of 2p states using the measure-

IV. ENERGY-LEVEL ANALYSIS AND DISCUSSION

allowed, transitions. ments of the transitions that came from that &tate. The
rotational energy of the Ji core E(R) [25,26,9 and the
B. Below threshold (BT) states energy shiftE a4 p0ffom H atom levels due to the A core

provided by the long-range model of Rdf3] were also

The states marked BT in Table | offer yet another sce needed. Figure 2 shows the energy levels. We have

nario. For these states, even if thg'Hore gives up all its
rotational energy, the Rydberg electron will still not have _ 2
enough energy to autoionize. Thus it appears that energy Vien(2p) =AE(3d—2p) + AE(nf—3d) + R(Hp)/n
conservation forbids any autoionization by any order pro- —E(R) — Equad,poh ©)
cess. However, some of the BT lines are quite strong, as

strong as the above threshold, allowed lines. Also some ofvhereAE(b«<a) is the measured transition energy between
the BT lines were quite narrow as one would expect for astatesa andb. Tables Il and I give theE(R) and Eqyaq,pol
slow process, but some were wide, as well as strong, e.g., thalues used in this papeR(H,) is the Rydberg constant for
25f, v=0, R=2, N=4 line. “Forced ionization” [18-20, H," ande™, 109 707.4496 cm’. Using Eq.(3), each differ-
also known as core-assisted field ionization, is responsiblentnf state gave a slightly different value fof,(2p). All

for the ionization of these states marked BT. It is well knownof the values o¥,,,(2p) related to a particular2 state were
that highly excited Rydberg atoms or molecules can be fieldveraged; this amounts to an extrapolation of the Rydberg
ionized by an external static electric field. The threshold exseries. The typical scatter in the individual values of
ternal fieldF,.s,at which field ionization starts to occur is V;o,(2p) is about 0.02 cm™. This is indicative of the error in

given approximately by21] Equadpol SiNCE all the other terms in Ed3) have much
smaller errors(The 1€, v=0, R=4, N=3 state is clearly

o1 (1)  Perturbed and was excluded from all analysis.
thresfi™ 16n*° The interval AE(2p—X) between the triplet g states

and the(single) ground stateX (which is not directly mea-

sured is of course
whereF is in atomic units of 5.X10° V/cm. In the canoni-

cal system of an H atom;R/n? is the true total energy of AE(2p—X)=Vion(H2) = Vion(2p). (4)
the Rydberg electron. In our system of autoionizing Rydberg
H, the Rydberg electron also has the'Hore energyE(R) Vion(H), the ionization potential of H is given as

available to it. If this energy is counted, the total energy of124 417.50%0.012 cm?® by a separate experimef8,9].

the Rydberg electron is-R/n?+E(R). This extra energy The absolute energy levels of thel Zndnf states can be
E(R) can be thought of as depressing the ionization potentialound by adding their respective transition energies to
by an amoun€(R) and reducing,snbelow that given in - AE(2p«—X). The error inAE(2p—X) is 0.025 cm?, ap-
Eqg. (1), allowing field ionization to occur more easily, at a proximately the sum in quadrature of the errors of the right-
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s 16 TABLE Ill. Energy correction to the Rydberg electron energy
gl_:&% due(l)to tI?le;\ Io(nz)g-range influence of the,™H core. Egyadpol
o ?ﬁ_ of (Rydze(rj)m =Equad™Epoit Equad por
- EEEr— P (Hy) Rydberg
el state label

f\'@/\iq;::{:epﬁ; H atom levels nL,v, RN Egll}ad Eél& Eazu)adxpm
AR (nf €3d) Ry 25f, 0, 2, 2 -0.0315  —0.0743 0.0021
= 11,000em " 26f, 0, 2, 2 —0.0280 —0.0661 —0.0015
25f,0,2,3 0.0578 —0.0646 0.0075
26f, 0, 2,3 0.0514 —0.0575 —0.0042
25f,0,2,4 0.0789 —0.0623 —0.0022
26f, 0,2, 4 0.0701 —0.0554 —0.0186
N 3d ("intermediate”) e 27f,0,2, 4 0.0626 —0.0495 0.0099
AE (3d€2p) 28f,0,2,4 0.0561 —0.0444 0.0042
r = 6,000cm™ 29f, 0,2, 4 0.0505 —0.0400 0.0025
2p {metastable) * 20f, 0, 3,1 —0.2172 —0.1629 0.0149
Energy AE @peX) 20f, 0, 3, 2 —0.0917 —0.1492 0.0085
~ 95,000¢m"! 20f, 0, 3,3 0.0483 —0.1339 0.0082
211, 0, 3,1 —0.1876 —0.1409 0.0132
X (ground) = 21f, 0, 3, 2 ~0.0792 ~0.1290 0.0155
i .. 21f,0,3,3 0.0417 —0.1158 0.0392
FIG. 2. Energy-level scheme for experiment. Laser excnatlonszzfi 0,3, 1 ~0.1632 ~0.1226 0.0118
are 2p to 3d and 3 to nf. The autoionizing Rydberg series states 22§ 0 3 2 0.0689 01123 0.0075
above the ionization potential are the ones to which transitions arng’ O, 3‘ 3 0.0363 01008 0.0100

measured. The dotted line Rydberg series states just below the iof= "~ . : )
ization potential are the H atom Rydberg levels, which must bel7f: 0. 4,2 —0.2550 —0.2565 0.0185
corrected by the b core energyE(v=0,R) and the long-range 18, 0, 4,2 —0.2149 —0.2164 0.0156
Coulomb perturbatior yaq poito get actual H energies. This dia-  19f, 0, 4,2 —0.1827 —0.1843 0.0136
gram is not to scale vertically. 15f, 0, 4, 3 —0.0675 —0.3387 —0.0124
16f, 0, 4, & —0.0556 —0.2797 0.0359
hand side of Eq(4). This is also the error for all of the triplet 17f. 0. 4,3 —0.0464 —0.2336 0.0159
energy levels since the transition frequency errors forl8f. 0. 4.3 —0.0391 —0.1971 0.0109

<1
AE(3d—2p) and AE(nf—3d), 0.002 cm*, are much 3Perturbed state for which the long-range model may not be valid.

smaller than .0.'025 cnt. . . . This state was excluded from calculations of the aveNgg2p)
The transition frequencies we measured are listed '%ndAE(2p<—X)

Tables IV and V. Table IV gives the frequencies of transi-

tions between @ states and @ states AE(3d—2p). Mea- By combining Egs(3) and (4) and using the appropriate
surements of these intervals were essential in locating angroups ofAE(3d«2p) and AE(nf«3d) values, one may
calculating the absolute energy levels of the Rydberg stategptain the energy levels of thep2states AE(2p«— X). Just
which are discussed in the rest of this section. Of the eighis for the calculation o¥/;,,(2p), each differeninf state
3d—2p transitions measured, we only used the secondyie|ds a different value foAE(2p— X). These values are all
fourth, and fifth transitions to obtain Rydberg states. within 0.025 cm? of each other, indicative of the sum of
Table V gives the frequencies of transitions between theyrors in the model calculatioB a4 00 @nd the ionization
transition measurements in both tables, the lasers were set {@s optained from transitions emanating from a particutar 2
the peaks of the transitions. This corresponds to transitiongtate to obtain the averaghE(2p—X). These derived
from the lower state’s spin sublevel of maximuimio the  model-dependeriB] values are given in column 2 of Table
upper state’s spin sublevel of maximum VI. Once AE(2p+X) is known, then the model-dependent
absolute energy levelserm valueg of the 3d andnf states
TABLE Il. Rotational energy levels of I core, taken or ex- We have measured can be obtained by adding the transitions

trapolated from Refd.25,5]. energies of Tables IV and V to the term values of Table VI,
column 2.
R Energy levelE(R) (cm™) The theoretical intervals in the third column of Table V
0 0 are obtained from a rearrangement of E&$.and(4), which
1 58.232220) S
2 174.232%0) AE(nf—3d)=Vipn(Hz) = 2/n*+ E guag port E(R)
3 347.091220)
4 575.450880) —AE(2p—X)—AE(3d«2p),

®)
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TABLE IV. Transition energies from @ metastable states tad3ntermediate states.

Transition

Interval (cm™2)

3d 3, v=0,N=1,J=22p 311, v=0, N=1 J=2 (ortho
3d 3, v=0, N=2, J=3—2p 311, v=0, N=2 J=3 (parg

3d 3%, v=0,N=3, J=42p 3II, v=0, N=3 J=4 (ortho)
3d %, v=0,N=1, J=2—2p %I, v=0, N=1 J=2 (ortho)
3d %I, v=0, N=2, J=3—2p °[I, v=0, N=1 J=2 (ortho)
3d %I, v=0, N=3, J=4—2p °lI, v=0, N=2 J=3 (para

3d 31, v=0, N=3, J=4—2p 3II, v=0, N=3 J=4 (ortho)
3d A, v=0, N=3, J=4—2p 311, v=0, N=3 J=4 (ortho

16 854.891820)
16 764.16320)
16 654.271850)
17 212.06220)
17 199.242(R0)
17 202.547€20)
17 261.327€30)
17 537.0318L00)

where all of the terms on the right-hand side are known. As
can be seen from the nonzero difference in the last column of
Table V, the measurements do not agree well with the theo-
retical predictions, at least to within the transition measure-

TABLE V. List of nf Rydberg levels showing the measured and ment error of 0.002 cit. If one assumes that the error in the

theoretical intervals betweanf Rydberg and 8 intermediate lev-

theory is about 0.02 cnt then there is good agreement.

els and the difference between measured and theoretical intervalgypical magnitudes 0E quad porare about 0.2 cm, so the

All units are cmi'L.

Rydberg Difference
state label Measured Theoretical [(Expt)
nL, v, R, N AE(nf«3d) AE(nf«—3d) —(Theor)]
2p 3, v=0,N=2—3d %3, v=0, N=2—

25f, 0,2, 2 12 589.629R0) 12 589.6263 0.0033
26f, 0, 2, 2 12 602.87880) 12 602.8772 0.0014
25f,0,2,3 12 589.72520) 12 589.7307 —0.0050
26f, 0,2, 3 12 602.95720) 12 602.9625 —0.0048
2p 311, v=0, N=2—3d %II, v =0, N=3—

25f,0,2,4 12 151.36220) 12 151.3604 0.0025
26f,0,2,4 12 164.58520) 12 164.5849 0.0006
27f,0,2,4 12 176.418830) 12 176.4106 0.0083
28f,0,2,4 12 186.969@0) 12 186.9608 0.0082
29, 0,2, 4 12 196.44380) 12 196.4421 0.0015
2p %, v=0,N=1—-3d %I, v=0, N=2—

20f, 0,3,1 12 349.17120) 12 349.1762 —0.0049
20f,0,3,2 12 349.31220) 12 349.3090 0.0039
20f, 0,3,3 12 349.46520) 12 349.4640 0.0015
21f,0,3,1 12 374.72020) 12 374.7250 —0.0046
21f, 0, 3, 2 12 374.84920) 12 374.8476 0.0017
21f, 0,3, 3 12 375.00020) 12 375.0054 —0.0045
221,0,3,1 12 396.86520) 12 396.8678 —0.0021
221,0,3,2 12 396.97320) 12 396.9681 0.0052
221,0,3,3 12 397.091(B0) 12 397.0873 0.0038
2p 3I1, v=0, N=2—3d %II, v=0, N=3—

17f, 0,4, 2 12 347.98980) 12 347.9923 —0.0027
18f, 0, 4, 2 12 389.07430) 12 389.0770 —0.0028
19f, 0, 4, 2 12 423.84040) 12 423.8437 —0.0030
15f, 0,4, 3 12 240.07380) 12 240.0886 —0.0150
16f, 0, 4, & 12 298.95320) 12 299.2518 —0.2986
17f,0,4, 3 12 348.22580) 12 348.2212 0.0043
18f, 0,4, 3 12 389.27080) 12 389.2674 0.0031

model[3] is accurate to about 10%.

By construction, the deviations in the last column of
Table V (excluding the anomalous 16tate average to zero.
The deviations of the theoretical predictions from the mea-
sured values are apparently random. The deviations are prob-
ably due to three factors that the long-range model calcula-
tion [3] of Egyaqpoiignores. One factor is the effect of the
core penetration of thef wave function. Even folL=3
there is still some penetration and thus the perturbation in the
energy level will be slightly different from the model predic-
tion, which assumes perturbation from a point quadrupole
moment and point polarizability. Finite core penetration is
naturally treated in multichannel quantum-defect theory,
which is beyond the scope of this experimental paper. Also
there are higher-order multipole Coulomb moments that
slightly shift the energy level. The third factor is that of spin.
The model ignores spin, but the levels have fine-structure
splitting of up to 0.03 cm® and there is no reason to believe
that a Rydberg state’s energy level is exactly what it would
be if spin did not exist.

The values of Table VI represent a correction to two val-
ues on page E8 of Crosswhite’s compilation of Dieke’s term
values of H [15]. However, the two pairs of numbers cannot
be compared directly since Dieke’'s values were for the
weighted average of the fine-structure components of the 2
state. We can easily resolve the fine-structure components
and our values are for the energy of a particiNad, F fine-
structure component. The particular values Mf],F are
given in Table VI. The fine structure of thepZtates is very
well known via the microwave measurements of Lichten and
co-workers[27,16], so we can easily calculate the energy of
the center of mass of the fine structure relative to the position
of the fine-structure component that we measure. The shift is
given in column 3 of Table VI. Column 4 is the sum of
columns 2 and 3 and is our measurement of the center of
mass of the P states. The numbers in column 4 can be
directly compared with Dieke’s numbef$5] in column 5.

#Perturbed state for which the long-range model may not be validThe last column of Table VI is their differences, which are
This state was excluded from calculations of the aveNgg2p)

andAE(2p—X).

our corrections to Dieke’s term values. The correction, a
negative number, must be added to Dieke’'s values to give
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TABLE VI. Term values ofAE(2p«—X) measured in this paper and a comparison to Dieke’s term vElE@sAll units are cm . c.m.
indicates center of mass.

AE(2p—X) AE(2p—X)
Rydberg state AE(2p—X) c.m. c.m. c.m.
2p3,v,N,J, F (this paper correction (this paper (Dieke) Difference
0, 2, 3, 3(para 95 062.31425) 0.071 95 062.3825) 95212.11 —149.725
0, 1, 2, 3(ortho 94 941.54625) 0.062 94 941.60@5) 95 091.32 —149.712

the correct energy level, i.e., the absolute value of the corincluding higher-order multipole moments of the core, im-
rection must be subtracted from Dieke's values. Averagingperfect quantum numbers, and spin.

the last column of Table VI gives a correction of We have measured the energies of transitions from certain
—149.71825) cm L. Averaging this correction with the metastable @, v =0 states of Hto 3d states and then to the
—149.68925) cm ! derived from thev=1 Rydberg H Rydberg states, using a wavemeter aadeference _Iines.
states in Ref[2] (updated with the present value of, ibn- These measurements are accurate to 0.0021,onh_|ch is 60
ization potential [8,9]) gives a final correction of MHz. Using an extrapolation of the Rydberg series, we have
—149.70425) cm L. The accuracy obtained by applying this obtained the ionization potentid,,(2p) of the 2p states.
correction to all of the rest of the triplet term values in 1N€N using the ionization potential of;Hrom a different
Dieke's tables depends on the accuracy of Dieke's measur&XPeriment8,9] and the long-range Coulomb modé] en-

ments within the triplet manifoldi15]. As we have found in S'9Y_ Perturbation, we obtain the vacuum uv interval
this paper and in Rgtl] his me;ﬂsuaements of four=0 and AE(2p—X) between the triplet @ states and the singlet

=1, 2p states are accurate relative to each other to WithirfJround state, to an accuracy of 0.025 cmEven though no
864,an1)_1 ransition from a singlet to a triplet state has been observed

for this paper, we still link the singlet and triplet manifolds

with very high precision. This method links the manifolds at
V. CONCLUSION the ionization potential, where the singlet-triplet distinction
oyanishes as one electron is removed to infinity.

We have updated the correction to Dieke’s triplet term
1

We have measured the autoionization rates of a variety
purely rotationally autoionizing triplenf, v =0, R#0 Ryd- T _
berg states of bl using precision single-frequency cw dye values[15]. The present correction |s_149.70425) cm .
lasers crossed with a molecular beam. The rate measurgdN9eret al.[14], using a completely different Fourier spec-

ments are accurate to about 20%. The autoionization ratdsoScopy method and differemt=0 H, states, obtain a cor-

. 71 . .
agree well with the predictions of the long-range model,reCtlon of —149.70@50) cm ", showing that their measure-

which are based on the interaction of the Rydberg electroff'€NtS are in excellent agreement with ours.
with the polarizability and quadrupole moment of the™H
core. However, we have seen some autoionizing states that
cannot autoionize according to the mod8l. This is ex- We thank E. E. Eyler for his computer programs that cal-
plained by “forced” or core-assisted field ionization due to a culated theE 4 povalues. We thank J. R. Lawall for the use
small stray external electric field and also by the model nobf the wavemeter.
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