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Determination of the dipole polarizabilities of H2
1

„0,0… and D2
1

„0,0… by microwave
spectroscopy of high-L Rydberg states of H2 and D2

P. L. Jacobson, D. S. Fisher, C. W. Fehrenbach, W. G. Sturrus,* and S. R. Lundeen
Department of Physics, Colorado State University, Fort Collins, Colorado 80523

~Received 4 August 1997!

The fine-structure intervals separatingn59 and 10,L55 – 8 Rydberg levels of H2 and D2, bound to the
v50, R50 ground states of H2

1 and D2
1, are measured with microwave spectroscopy and used to determine

the isotropic dipole polarizabilities of both ion ground states. The resultsas(H2
1)53.1659(8)a0

3 and
as(D2

1)53.0667(8)a0
3 are more precise than existing theoretical predictions, and their explanation will pose

a substantial challenge to the theory of this fundamental ion.@S1050-2947~97!51212-1#

PACS number~s!: 33.15.Kr, 33.15.Pw, 33.20.Bx
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The one-electron molecule H2
1 provides a unique oppor

tunity for precise calculations of molecular properties,
cluding relativistic and radiative corrections@1#. Unfortu-
nately, it is difficult in practice to calculate most of it
properties with accuracy exceeding 0.1%, the level at wh
the Born-Oppenheimer and adiabatic approximations be
to fail @2,3#. The development of new theoretical techniqu
necessary for increased accuracy, is presently hindere
the lack of precise experimental measurements of H2

1 prop-
erties. One method that can be used to determine such p
erties is precise spectroscopy of the fine structure of nonp
etrating Rydberg states of H2. In essence, the distan
Rydberg electron acts as a sensitive probe of the H2

1 ion’s
long-range electric and magnetic properties. Spectroscop
this type has already been carried out for a number of2
Rydberg states bound to (v50, R51) states of H2

1 @4–6#.
We report here further measurements for high-L Rydberg
levels of both H2 and D2 bound to the (v50, R50) ground
states of the respective molecular ions. These measurem
determine the isotropic dipole polarizabilities of both io
with a precision of about 0.03%, sufficient to challenge
best available theory.

High-L Rydberg states of H2 ~or D2) can be characterize
by the quantum numbers describing the free ion core (v,R),
the hydrogenic Rydberg electron (n,L), and by the vector
sum of the two angular momenta,RW 1LW [NW . Thus, in gen-
eral, the fine structure of such Rydberg states consist
2R11 eigenstates for each value ofn,L. We denote such
vector coupled eigenstates as (v,R)nLN . In the case of
(0,0)nLL levels reported here, the fine structure is ve
simple, with only a single eigenstate corresponding to e
value ofn,L. This structure is analogous to the fine structu
of high-L Rydberg states ofatomic heliumsince theR50
molecular ion cores appear spherically symmetric to the n
penetrating Rydberg electron.

The electric fine structure of high-L Rydberg states of H2
and D2 can be calculated from an effective potential mod
that eliminates the core electron’s degrees of freedom, le
ing a single-electron problem in which the core electro
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effects are confined to certain parameters in the effec
potential,Veff @7,8#. The Rydberg fine structure can be foun
as a perturbation series inVeff :

E~v,R,n,L,N!5E@0#~v,R,n!1E@1#~v,R,n,L,N!

1E@2#~v,R,n,L,N!1•••, ~1!

where

E@1#~v,R,n,L,N!5^c0uVeffuc0& ~2!

and

E@2#~v,R,n,L,N!

5 (
v8R8,n8,L8

3
u^c0~v,R,n,L,N!uVeffuc0~v8,R8,n8,L8,N!&u2

E0~v,R,n!2E0~v8,R8,n8!
. ~3!

Generally, this perturbation series and the multipole se
implicit in Veff both converge rapidly for high-L Rydberg
levels, and increasingly so asL increases. Because of this,
is possible to account for the fine structure with just a f
terms ofVeff and onlyE@1# andE@2#.

The spin fine structure of high-L H2 ~or D2) Rydberg
states is due to the magnetic interactions between the R
berg electron and the core electron (HMFS) and the hyperfine
interactions between the nuclear spins and the core elec
spin (HHFS) @4#. For R50 Rydberg states, such as tho
considered here, the only nonzero contribution to hyperfi
structure is the scalar term, and since a strict selection
(DFC50) prevents transitions between states with differ
values of the core spin (FW c5 IW1SW c), HHFS makes no direct
contribution to transition energies. The spin-orbit and sp
spin energies inHMFS result in 2(2Fc11) spin components
spanning a frequency range of a few MHz for the transitio
under study here. For H2

1(0,0), which hasI 50, these are
the same four spin components seen in high-L Rydberg
states of atomic helium. For D2

1(0,0),which can haveI 50
or 2, this results in 24 spin components spanning appro
te
R4361 © 1997 The American Physical Society
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mately the same range of frequencies. Exchange ene
were determined to be negligible~,0.01 MHz! for the high-
L levels studied here.

The intervals measured here were determined using
same general technique used for previous microwave fi
structure studies in H2 @4#. A fast beam of H2 ~or D2) Ryd-
berg states was formed by neutralizing an 11-keV beam
H2

1 ~or D2
1) ions. The population of specificn59 or 10

Rydberg levels, e.g., (0,0)9K7 , was monitored using the
resonant excitation Stark ionization spectroscopy~RESIS!
technique, in which a Doppler-tuned CO2 laser excites a par
ticular n59 or 10 level to a high-lying discrete level that
subsequently ionized, leading to an excitation-induced
current proportional to the population of a specific Rydbe
level. Three aspects of the experimental technique diffe
from previous studies@4#. First, the ion beam was neutra
ized in a Cs-vapor charge-exchange cell, rather than a
cell, leading to more efficient population of then59 and 10
Rydberg levels. Second, the preionizer, after neutralizat
used two repeated regions of strong field, separated b
region of zero field. This reduced the background sig
from highly excited Rydberg levels, including those regen
ated after the first ionization field by conversion of vibr
tional and rotational energy to electronic energy@9#. Last, an
improved Rydberg detector was used that increases the
lection efficiency for the RESIS signal and reduces the ba
ground @10#. Taken together, these three refinements
proved the signal-to-noise ratio over previous experime
@4# by a factor of about 15. A report of the RESIS excitati
spectra of H2, D2, and HD made with this apparatus is
preparation@11#.

Microwave transitions between adjacent fine-struct
levels were induced in a section of 50V transmission line
that preceded the laser-excitation region. For example, w
the laser is tuned to excite and detect the (0,0)9K7 level, the
microwaves might induce transitions to the (0,0)9I 6 level
which lies about 870 MHz below it, changing the populati
of the (0,0)9K7 level and, therefore, the detected ion flux.
order to insure a population difference between the coup
levels, an initial CO2 laser interaction region~tuned to the
same excitation as the second! precedes the microwave re
gion and depletes the population of the detected level
about a factor of 2. Similar sequences of transitions w
used to observe theI -K andK-L transitions inn59 and 10
and the 10H-I transition.

A typical measured resonance line shape for the 9I -K
transition is shown in Fig. 1 for both isotopes studied he
The resonance linewidth, controlled by the transit tim
through the 1-m-long microwave-interaction region, is ab
0.8 MHz for D2 and 1.1 MHz for H2. As Fig. 1 illustrates,
this partially resolves the spin structure of the transition. T
smooth curves in Fig. 1 are fits of the measured signal
superpositions of the proper number of spin compone
whose positions, relative to the spinless interval, are ca
lated, and whose relative intensities are taken to be pro
tional to the statistical weight of the lower-J level. The indi-
vidual spin components are illustrated by the stick diagra
in Fig. 1. These fits determine the spinless line centers wi
precision of 0.1 MHz or less.

For each transition and isotope, measurements were m
for both directions of propagation of the microwave fie
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with respect to the molecular beam. Both first- and seco
order Doppler shifts are removed by taking the geome
mean of these two results to determine the transition
quency for stationary molecules. The only significant s
tematic correction is due to the possible presence of s
electric fields within the microwave region, which cou
Stark shift the resonances. For this study, these fields w
measured by periodic observation of the 103G5-103H6 tran-
sition in atomic helium using the same apparatus. Since
transition frequency, in zero field, has been measured pr
ously @12#, its known Stark shift rate determines the rm
stray field and the appropriate small Stark shift correctio
~,0.03 MHz! to each measured resonance position. The fi
column of Table I shows the final results for the ten fin
structure intervals after this correction.

In order to determine the ionic polarizabilities from the
results, we take each fine-structure interval to be given b

DETot5DE@1#1DE@2#1DErel . ~4!

The last two terms, the spin-independent relativistic corr
tion @4# and the second-order polarization energy, can
calculated and subtracted from the observed fine-struc
intervals. EvaluatingDE@2# involves computing the energ
shift of each level of the transition due to coupling to a
other Rydberg states throughVeff . This is computed by the

FIG. 1. Resonance line shapes for the (0,0)9I 6-(0,0)9K7 tran-
sition in ~a! H2 and~b! D2. The smooth curves are fits incorporatin
the calculated spin structure, which is shown in the separate s
diagram.
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methods described in Ref.@8#, including all terms withs
<8. The quoted error bar is derived from the convergence
the multipole expansion. The resulting values ofDE@1# are
shown in Table I@13#.

In order to determine the dipole polarizabilities from t
first-order polarization energy intervals,DE@1#, we use the
prediction that@4#

E@1#@~0,0!nLL#5B4^r
24&nL1B6^r

26&nL1B7^r
27&nL ,

~5!

where

B452~11«!2
as

2
,

with

«5
me

2mN1me

, B652
C0

10
1

3bs

2
. ~6!

The scalar dipole polarizabilityas is the property of the ion
core that we wish to determine. The nuclear-mass-depen
coefficient inB4 is a kinematic correction that is discussed
Ref. @4#. The scalar quadrupole polarizabilityC0 and the
scalar nonadiabatic dipole polarizabilitybs , have both been
calculated@14#. Appropriate averages over vibrational wa
functions lead to the predicted coefficients,B657.82 a.u. for
H2

1 and B657.25 a.u. for D2
1. Some, but not all of the

coefficients contributing toB7 have been calculated@4#. In a
previous study of Rydberg states bound to H2

1~0,1!, both
coefficients were estimated by a fit of data fromI -K, H-I ,
andG-H intervals inn510 Rydberg levels with the result
B658.4(8) andB75221(6). This confirms the theoretica
estimates ofB6 to a precision of 10% and gives an expe
mental estimate ofB7 .

In order to determine the best values ofas for both ions,
we compute the radial expectation values@15# and the dif-
ference of the expectation values for adjacent values oL.

TABLE I. Measured fine-structure intervals and inferred fir
order polarization energies for H2 and D2 ~all results in MHz!.

H2

Interval DEobs DErel DE@2# DE@1#

9I -9K 864.563~5! 4.93 4.14~22! 855.49~22!

9K-9L 370.696~16! 3.77 3.81~4! 363.12~4!

10H-10I 1 659.180~5! 4.90 233.1~14! 1687.4~14!

10I -10K 630.795~15! 3.59 212.10~18! 639.31~18!

10K-10L 274.072~20! 2.75 22.51~3! 273.83~4!

D2

Interval DEobs DErel DE@2# DE@1#

9I -9K 873.27~5! 4.93 37.82~21! 830.52~22!

9K-9L 359.58~7! 3.77 3.99~4! 351.82~8!

10H-10I 1 687.67~8! 4.90 44.5~13! 1 638.3~13!

10I -10K 638.01~4! 3.59 14.72~17! 619.70~17!

10K-10L 273.07~7! 2.75 4.84~3! 265.48~8!
of

nt

These values are then used to scale the inferredDE@1# ~from
Table I! in order to form a quantity that is approximate
constant:

DE@1#

D^r 24&
5B41B6

D^r 26&

D^r 24&
1B7

D^r 27!

D^r 24&
. ~7!

Figure 2 shows a plot of these scaled intervals vs the co
cient ofB6 in Eq. ~10!. If B7 were zero, this should result in
a linear plot, whose intercept is simply related to the pol
izability as . There are clearly two lines in Fig. 2, indicatin
that the polarizabilities are significantly different for H2

1 and
D2

1. The slopes of the two lines appear to be similar.
discussed above, they are expected to be in the ratio 0.
the ratio of theB6’s for the two isotopes. Similarly, the cur
vature of the two lines, which is represented by the coe
cientB7 , is expected to be very similar for the two ions. Th
previous experimental estimate ofB7 for H2

1(0,1), B75
221(6) a.u., is more precise than can be obtained from
data reported here, since the curvature is much more sig
cant for the 10G-H interval reported in Ref.@4#. We there-
fore adopt that estimate forB7 , fix the ratio of the coeffi-
cients B6 for the two ions to be 0.927 as estimate
theoretically, and fit the data of Fig. 2 for one slope and
two intercepts. This fit is illustrated by the dashed curve
Fig. 2. One point, the one derived from the D2 9I -K interval,

FIG. 2. Scaled transition energies in H2 and D2. As described in
the text, they intercepts of the fitted curves~dashed lines! deter-
mine the ion polarizabilities. The unfilled point was not used in t
fit.
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differs significantly~by 5s! from the fit, and so we choose t
exclude it@16#. The fit to the remaining nine points is goo
with a x2 of 3.6 for 6 degrees of freedom. The fitted value
B6 for H2 is 7.8~5!, in agreement with the theoretical es
mate.

The fitted interceptsB4 determine the polarizabilities ac
cording to Eq.~6!. The results, shown in Table II, represe
the first determination of a D2

1 polarizability and only the
second determination for H2

1. Table II compares the mea
sured results for these three molecular ions to calculated
larizabilities @17,18#, based on the standard ‘‘clampe
nucleus’’ approximation. In this approach, the polarizab
ities are calculated as a function of internuclear separatio
a body-fixed coordinate system, and then averaged ove
internuclear separation distribution in a rovibrational wa
function calculated for an adiabatic internuclear potent
All three comparisons show the experimental value to
smaller than the calculated value by about 0.2%. This re

TABLE II. Measured and calculated polarizabilities for H2
1 and

D2
1 ~results ina0

3).

Ion Experiment Theory (E2T)/E (E2T)/s

H2
1(0,1) 3.177 0~34!a 3.180 9b 20.12~11!% 21.1

H2
1(0,0) 3.165 9~8! 3.171 3b 20.171~24!% 27.1

D2
1(0,0) 3.066 7~8! 3.073 1c 20.209~27!% 27.8

aReference@4#.
bReference@17#.
cReference@18#.
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sents very good agreement, given the approximations in
ent in the calculation, but it also clearly points to the need
better theoretical methods. A more precise calculation w
require both a more accurate expression for the polarizab
@19# and the consistent inclusion of nonadiabatic correctio
to the H2

1 wave function@3#. Finally, we note that of the two
ions, D2

1 shows the larger discrepancy with theory, contra
to what one might expect, because of its larger nuclear m

Further improvements in experimental precision will
important for testing improved calculations. Some improv
ment may be anticipated by extending the pattern of exp
mental data to include a wider range ofL levels and similar
fine-structure intervals inn511. It should be noted, how
ever, that even the present result is not solely limited
experimental precision. Derivation of the polarizabilitie
from the measured intervals depends critically on the ca
lation of the second-order polarization energiesDE@2#, and
any improvements in those calculations could increase
precision of the conclusions. In addition, improved estima
of the higher-order H2

1 polarization terms, especially th
uncalculated nonadiabatic terms inVeff proportional tor 27,
would increase confidence in the analysis. Finally, it m
eventually be possible to find alternative approaches to
culating the fine structure of high-L H2 Rydberg levels that
avoid the perturbative expansion inVeff and provide a more
precise connection between the measured fine-structure i
vals and the core polarizabilities.
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